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Abstract  
The thesis examines the design and implementation of a supervisory controller 
for the energy management of an AC stand-alone microgrid. The microgrid 
under study consists of a photovoltaic (PV), battery energy storage system 
(BESS) and auxiliary (micro gas turbine) units connected to a common AC bus 
and supplies a local load. The BESS unit has to maintain the AC bus voltage 
and frequency and needs to balance the difference between the intermittent PV 
power and that consumed by the load. However, the BESS has limited energy 
capacity and power rating and therefore it is important to implement a 
supervisory controller that can curtail the PV power to prevent the battery from 
being overcharged and also to operate the auxiliary unit to prevent the battery 
from being over discharged. A Fuzzy Logic Controller (FLC) that can be 
implemented inside the BESS unit is proposed. It monitors the battery power 
and State of Charge (SOC) and varies the bus frequency accordingly. The 
variation in the bus frequency serves as a communication means to the PV and 
auxiliary units. If the frequency is increased above the nominal value, the PV 
unit starts to curtail its power and if the frequency is decreased, the auxiliary 
unit starts to generate power. Power curtailment and supplement are 
proportional to the frequency variation. In order to avoid any need for 
communication links between the units, the DC/AC inverters of all the units 
adopt the well-known wireless droop technique. The droop control of the 
auxiliary unit is implemented in such a way that the unit is floating on the bus 
and thus it generates power only if the bus frequency is decreased below its 
nominal value. The main merits of the proposed controller are simplicity and 
easiness of implementation inside the BESS unit. The effectiveness of the 
controller in protecting the battery from over-charging/over-discharging has 
been verified by simulations including a real-time simulation and experimentally.  
 
Furthermore, the thesis investigates the effect of sudden shading of a PV and 
concentrated PV (CPV) on the bus frequency of an AC stand-alone microgrid. It 
is known that the CPV power can drop drastically, compared to traditional PV, 
when it is exposed to shading. A simulation model of the CPV in a microgrid has 
been built and the results are compared to those of the traditional PV. It is found 
that shading of the CPV has much more stronger effect on the bus frequency. 
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Nomenclature 
 
𝑃𝑝𝑣 PV power  
𝑃𝑝𝑣
∗  PV power demand or set-point 
𝑃𝑎𝑢𝑥 Auxiliary power  
𝑃𝑎𝑢𝑥
∗  Auxiliary power demand or set-point 
𝑃𝑏𝑎𝑡 Battery power 
𝑃𝐸𝑆𝑆
∗  Energy storage system power demand or set-point 
𝐶𝑏𝑎𝑡 Battery capacity 
𝑉𝑏𝑎𝑡 Battery voltage 
𝑆𝑂𝐶 Sate of charge 
𝑆𝑂𝐶𝑚𝑎𝑥
∗  Maximum state of charge 
𝑆𝑂𝐶𝑚𝑖𝑛
∗  Minimum state of charge 
𝑆𝑂𝐶𝑚𝑖𝑛+10%
∗  Minimum state of charge plus 10% 
𝑃𝑐ℎ𝑎𝑟𝑔𝑒 Charging power 
𝑃𝑐ℎ𝑎𝑟𝑔𝑒_𝑚𝑎𝑥
∗  Maximum charging power 
𝑃𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 Discharging power 
𝑃𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒_𝑚𝑎𝑥
∗  Maximum discharging power 
∆𝑆𝑂𝐶1 Change in 𝑆𝑂𝐶 (first input to FLC top subsystem)  
∆𝑃𝑐ℎ𝑎𝑟𝑔𝑒 Change in 𝑃𝑐ℎ𝑎𝑟𝑔𝑒 (second input to FLC top subsystem) 
∆𝑆𝑂𝐶2 Change in 𝑆𝑂𝐶 (first input to FLC bottom subsystem) 
∆𝑃𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 Change in 𝑃𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 (second input to FLC bottom 
subsystem)  
𝑚𝑃𝑉 Active power/frequency droop coefficient for PV 
𝑚𝑎𝑢𝑥 Active power/frequency droop coefficient for auxiliary unit 
𝑚𝐸𝑆𝑆 Active power/frequency droop coefficient for Energy 
Storage System 
𝑛𝑃𝑉 Reactive power/voltage droop coefficient for PV 
𝑛𝑎𝑢𝑥 Reactive power/voltage droop coefficient for auxiliary unit 
𝑛𝐸𝑆𝑆 Reactive power/voltage droop coefficient for Energy 
Storage System 
𝑃 Exported/measured active power 
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𝑄 Exported/measured reactive power 
𝑃∗ or 𝑃𝑜 Active power demand or set-point 
𝑄∗ or 𝑄𝑜 Reactive power demand or set-point 
𝑚 or 𝑘𝑑 Frequency drooping coefficient 
𝑛  or 𝑘𝑞 Voltage drooping coefficient 
𝜃 Phase difference between each inverter output voltage 
and load voltage 
𝑉 Inverter output voltage  
𝑉𝐿 Load voltage  
𝑋 Load impedance 
𝑈𝑟𝑒𝑓 Inverter reference signal  
𝑉𝑟𝑒𝑓 Signal for duty cycle generation for the inverter 
𝑉𝑜 Nominal output voltage of inverter 
𝜔𝑜 = 2𝜋𝑓𝑜 Nominal bus frequency 
𝜔 or 𝐺𝑓  Bus frequency 
∆𝜔 or 𝑑𝜔 Bus frequency variation/deviation 
∆ω+ Positive frequency shifting/deviation   
∆ω− Negative frequency shifting/deviation  
∆𝜔𝑚𝑎𝑥+ Maximum positive deviation in frequency  
∆𝜔𝑚𝑎𝑥− Maximum negative deviation in frequency  
𝜔𝑡 Nominal phase angle  
𝐺𝜔𝑡 Phase angle of the common bus 
𝐿1 Inverter-side filter inductor 
𝐶 Filter capacitor 
𝐿2 Grid-side filter inductor 
𝐶𝑑𝑐 DC-link capacitor (converter output) 
𝑉𝑑𝑐 Nominal DC-link voltage 
𝑉𝑑𝑐
∗  DC-link voltage set-point value 
𝐿𝑙𝑖𝑛𝑒1 Line1 inductor 
𝐿𝐿𝑖𝑛𝑒2 Line2 inductor 
𝑓𝑠𝑤 Switching frequency 
𝑓𝑠 Sampling frequency 
𝐿𝐷𝐶 Converter inductor 
𝑉𝑝𝑣 PV output voltage 
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𝑘𝑝_𝑏𝑎𝑡𝑐 P-controller gain for battery current controller 
𝑘𝑖_𝑏𝑎𝑡𝑐 I-controller gain for battery current controller 
𝑘𝑝_𝑏𝑎𝑡𝑣 P-controller gain for battery voltage controller 
𝑘𝑖_𝑏𝑎𝑡𝑣 I-controller gain for battery voltage controller 
𝑘𝑝_𝑝𝑣𝑣 P-controller gain for PV voltage controller 
𝑘𝑖_𝑝𝑣𝑣 I-controller gain for PV voltage controller 
𝑘𝑝_𝑝𝑣𝑐 P-controller gain for PV current controller 
𝑘𝑖_𝑝𝑣𝑐 I-controller gain for PV current controller 
𝑘𝑣 Voltage controller gain for inverter voltage controller 
𝑘𝑐 Current controller gain for inverter voltage controller 
𝐿𝑣 Virtual inductor for inverter voltage controller 
𝜔𝑐 Cut-off frequency for power measuring filter 
𝑘𝑝−𝑑𝑐 P-controller gain for PV DC voltage regulator 
𝑘𝑖−𝑑𝑐 I-controller gain for PV DC voltage regulator 
𝑠 Laplace operator 
𝑃𝑃𝑉_𝑀𝑃𝑃𝑇 Maximum power tracking point of the PV power 
𝑅 Equivalent load resistor for converter 
𝐷 Steady state duty cycle  
𝐼𝐿𝐵 Steady state BESS Inductor current 
𝐿𝐵 or 𝐿𝑑𝑐  BESS converter inductor 
𝐺𝑖𝐿𝐵−𝑑 Transfer function for BESS boost converter (1) 
𝐺𝑣𝑑𝑐−𝑖𝐿𝐵 Transfer function for BESS boost converter (2) 
𝑑 Averaged control input 
𝐺𝑃𝐼−𝐵1(𝑠) Current loop PI controller for BESS converter 
𝐺𝑃𝐼−𝐵2(𝑠) Voltage loop PI controller for BESS converter 
𝐿𝑝𝑣 or 𝐿𝑑𝑐  PV converter inductor 
𝑖𝐿𝑝𝑣 PV current 
𝑟𝑝𝑣 PV Dynamic resistor 
𝐶𝑝𝑣 PV Input capacitor 
𝐺𝑖𝐿𝑝𝑣−𝑑  Transfer function for boost PV converter (1) 
𝐺𝑣𝑝𝑣−𝑖𝐿𝑝𝑣   Transfer function for boost PV converter (2) 
𝐺𝑃𝐼−𝑝𝑣1(𝑠) Current loop PI controller for PV converter 
𝐺𝑃𝐼−𝑝𝑣2(𝑠) Voltage loop PI controller for PV converter 
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𝐼𝑠𝑐 PV short circuit current  
𝑉𝑜𝑐 PV open circuit voltage  
𝐼𝑚 PV current at maximum power  
𝑉𝑚 PV voltage at maximum power 
𝑃𝑚 PV maximum power  
𝐹𝐹 Fill factor (for PV) 
𝑃𝑇 PV theoretical non-obtainable maximum power  
𝑃𝑜𝑢𝑡 Output electrical power (for PV) 
𝑃𝑖𝑛 Input solar power (for PV) 
η Efficiency  
𝐼𝑝𝑣 PV current  
𝐼𝑝ℎ Photocurrent generated by the current source 
𝐼𝑑 Diode current 
𝐼𝑠ℎ Shunt resistance current 
𝐼0 Reverse saturation current 
𝑞 Electron charge 
𝑛 Ideality factor 
𝑅𝑠 Series resistance 
𝑅𝑠ℎ Shunt resistance 
𝑘 Boltzman constant 
𝑇𝑝𝑣 or 𝑇𝑐 Cell temperature 
𝑉𝑝𝑣 PV voltage  
𝐼𝑑1 First diode current 
𝐼01 Reverse saturation current for first diode  
𝐼𝑑2 Second diode current  
𝐼01 Reverse saturation current for second diode 
𝑛1 Ideality factor for first diode 
𝑛2 Ideality factor for second diode 
𝜂𝑃𝑉 PV cell efficiency 
𝐴𝑃𝑉 Area of the PV cell 
𝐺𝑇 Total/global solar irradiation (direct + diffuse) 
𝑓 PV Correction coefficient for all factors except temperature  
𝐾𝑡 Correction coefficient factor for temperature  
𝑎 Normalized temperature for PV 
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𝑁𝑂𝐶𝑇 Normal operating cell temperature 
𝑇𝑎 Ambient temperature 
𝑃𝑃𝑉𝑚𝑜𝑑 Ideal PV model electric power 
𝑃𝑃𝑉𝑚𝑜𝑑,𝑎 Actual PV model electric power  
𝑁𝑆 PV cell numbers in series 
𝜂𝑃𝑉𝑚𝑜𝑑 PV module efficiency 
𝜂𝑖𝑛𝑣 Inverter efficiency 
𝑃𝑃𝑉𝑝𝑎𝑟 PV module parasitic current losses 
𝐺𝑃𝑉𝑝𝑎𝑟 PV parasitic losses factor coefficient 
𝐶𝑔 Geometric concentration  
𝐴𝑎 Area of entry aperture of the optical element of the 
concentrator 
𝐴𝑏 Area of the exit aperture representing the active area of 
the solar cell 
𝑃𝐶 Electrical power of a single solar cell in a system that uses 
concentrator 
𝑃𝐶,𝑎 Actual electrical power with concentrator 
𝜂𝐶  CPV cell efficiency 
𝜂𝑜𝑝𝑡 Optical efficiency 
𝐴𝐶  Area of CPV cell 
𝐶 Concentration value 
𝐺𝑑 Direct solar irradiation 
𝑓𝐶  Non-ideal tracking correction factor in concentrated 
system 
𝐾𝑡𝑐 Correction coefficient factor for temperature in 
concentrated system  
𝑇𝑐(𝑐𝑜𝑛𝑐. ) Cell temperature for concentrated system 
𝑎𝐶  Normalized temperature in concentrated module 
𝑃𝑚𝑜𝑑  Ideal model electric power in concentrated system 
𝑃𝑚𝑜𝑑,𝑎 Actual model electric power in concentrated system 
𝑁𝑆𝐶  CPV cell numbers in series 
𝜂𝑚𝑜𝑑  CPV module efficiency 
𝑃𝑝𝑎𝑟 Module parasitic current losses in concentrated system 
𝐺𝑝𝑎𝑟 Parasitic losses factor coefficient in concentrated system 
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Abbreviations 
 
AC Alternating Current 
BESS Battery Energy Storage System 
COG Centre of Gravity  
CPV Concentrated Photovoltaic 
DC Direct Current 
DG Distributed Generator  
ESS Energy Storage System 
FC Fuel Cell 
FLC Fuzzy Logic Controller 
H High membership function 
HAWT Horizontal-Axis Wind Turbine 
HCPV High Concentrating Photovoltaic  
IEA International Energy Agency  
IGBT Insulated Gate Bipolar Transistor 
I-V Current-Voltage  
L Low membership function 
LCPV Low Concentrating Photovoltaic 
LPSP Loss of Power Supply Probability  
M Medium membership function 
MCPV Medium Concentrating Photovoltaic  
MPP Maximum Power Point 
MPPT Maximum Power Point Tracking 
P Proportional controller 
PCC Point of Common Coupling  
PI Proportional-Integral controller 
PLL Phase Looked Loop  
PV Photovoltaic 
P-V Power-Voltage  
PWM Pulse Width Modulation  
RES Renewable Energy Sources 
SOC State of Charge  
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STS Static Transfer Switch 
UPS Uninterruptable Power Supply 
VAWT Vertical-Axis Wind Turbine  
VSC Voltage Source Converter  
VSI Voltage Source Inverter  
WT Wind Turbine 
μGT Micro Gas Turbine 
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CHAPTER 1: INTRODUCTION 
 
1.1 Background  
The reserves of fossil fuels such as gas, diesel and coal are depleting and the 
competition for obtaining those fuels is rising rapidly with the rapid increase in 
the world population and the high demand for electricity across the world [1]. 
Hence, there is more need to utilize alternative power sources. Renewable 
Energy Sources (RES), such as sun, wind, tides and geothermal heat are 
sustainable sources that are naturally replenished. Due to the sustainable 
nature and reduction in cost of those sources, they become a very attractive 
solution for power supply. Solar and wind energies are two of the most 
promising of these renewable energy technologies.  
 
With more environmental awareness and a drop in the cost of RES, the global 
penetration of renewable energy in power systems is increasing rapidly 
especially for Photovoltaic (PV) and wind systems [2]. The largest ever annual 
increase in global renewable energy capacity has been seen in the year 2015 
as per the 2016 renewables global status report with an estimated 147 
gigawatts (GW) of additional renewable power capacity. Solar PV and wind 
contributed around 77% of the new added capacities in the power sector and 
hydropower represented most of the remainder. In other words, solar PV, wind 
and hydro power dominated the market. By the end of 2015, the available 
renewable capacity was sufficient to supply an estimated 23.7% of the global 
electricity demand with 16.6% coming from hydropower. Renewable energy 
deployment is expected to increase further. An analysis in the status report had 
a projection that there will be a five folds increase in the solar power capacity 
and three times increase in the wind power capacities over the next 15 years 
[3]. Table 1.1 provides a summary of some important selected indicators from 
the 2016 report and the previous years’ reports showing the global rapid 
penetration of renewable energy.  
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Table 1.1: Important global indicators for renewable energy 
 
  2010 2011 2012 2013 2014 2015 
Renewable power 
installed capacity (with 
hydro) 
GW 1,250 1,355 1,470 1,578 1,701 1,849 
Renewable power 
installed capacity 
(without hydro) 
GW 315 395 480 560 665 785 
Solar PV installed 
capacity 
GW 40 71 100 138 177 227 
Wind power installed 
capacity 
GW 198 238 283 319 370 433 
Concentrating solar 
thermal power installed 
capacity 
GW 1.1 1.6 2.5 3.4 4.3 4.8 
 
 
Solar and wind power systems can be either grid-connected or stand-alone 
systems. Most of the current installations are grid-connected [3]. Higher 
penetration of these technologies could create high technical challenges 
especially in weak grids due to their intermittent and unpredictable nature. 
Intermittency in power generation, as a result of solar radiation and wind speed 
variations with time, can cause voltage fluctuation. The impact of such a 
disturbance is highly dependent on load type and size along with the strength of 
the connected electrical utility grid and its size. Frequency fluctuation in AC 
grids, due to sudden changes in active power drawn by a load, is another 
quality issue for systems with solar and wind power generation. Another quality 
issue is the existence of harmonics which are normally caused by power 
electronic devices and non-linear appliances.  
 
A new trend has been developed to integrate RES in microgrids [4], which can 
work in both grid-connected and stand-alone modes. The driver for this trend is 
to have the RES as Distributed Generators (DG) as close as possible to the 
loads reducing losses and voltage drops in a power system. Therefore, power is 
generated and used locally by local loads without the need for expensive 
transmission and distribution networks. This clearly reduces procurement, 
installation, operation and maintenance costs. Another driver is the stringent 
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environmental requirements and legislation that are implied in attempts for 
utilization of more RES and reduction of CO2 emissions by using less fossil fuel 
in power generation. On occasion, there is even subsidization and support from 
Governments for utilization of power from RES. In view of the above, microgrids 
become an attractive solution for power generation by integrating DG, including 
RES, and loads. There are many benefits for having microgrids such as better 
power quality, increased reliability and security for utility grid’s operators and 
end users, more controllability and cost competitiveness. 
 
As per the International Energy Agency (IEA) 2015 World Energy Outlook 
report, the global population in 2013 was around 7.1 billion and is expected to 
increase to 9 billion in 2040. There were around 1.2 billion people living without 
electricity in 2013. This represents about 17% of the global population. Sub-
Saharan Africa and developing Asia have more than 95% of those living without 
access to electricity and they are primarily in rural areas [5]. Hence, a stand-
alone renewable energy power system represents an excellent solution for 
those rural areas that are not connected to a utility grid. The stand-alone system 
provides an economical system to run in comparison to the extension of existing 
infrastructure facilities such as transmission lines and gas lines. 
 
1.2 Microgrid  
Microgrid is a small-scale power system or grid that consists of DG 
(conventional and/or renewable), storage (battery, fuel cell) and load with 
associated control (local and supervisory) and protection systems. It can be 
connected to a utility grid (grid-connected mode) or can work independently in a 
stand-alone (sometimes called island or autonomous) mode. A microgrid can be 
classified into two types either AC or DC. Whenever both types are connected 
together, they can be called hybrid AC-DC microgrids. The stand-alone AC 
microgrid is the focus of this thesis.  
 
A general AC microgrid structure is shown in Figure 1.1 which consists of RES, 
ESS, loads and an auxiliary unit that are all connected in a common AC bus 
along with a supervisory controller and a Static Transfer Switch (STS). The 
auxiliary unit is shown as a micro gas turbine in this case, but it could be a fuel 
cell (FC), diesel generator or even another battery. PV and Battery ESS (BESS) 
25 
 
units are interfaced by two stages DC/DC and DC/AC power electronic 
converters. On the other hand, the wind turbine (WT) and micro gas turbine 
(μGT) units are interfaced by two-stage AC/DC and DC/AC power electronic 
converters. The AC outputs’ voltages from individual DGs, through individual 
converters, are integrated and combined on a common AC bus to provide the 
power to the utility grid / loads even with only one source available. The output 
current and voltage from each source are controlled independently. However, 
low speed communication between the STS and the different DG units is still 
required to know the status of the STS. In order to isolate (or re-connect) the 
microgrid from (or to) the utility grid seamlessly, the STS is used at the Point of 
Common Coupling (PCC) which could be monitored and controlled by the 
supervisory controller of the microgrid. Local loads are connected to the 
microgrid side of the STS in order to ensure that they are always supplied 
whether the microgrid is operating in grid-connected mode or stand-alone mode 
i.e. regardless of the status of the STS [6].  
 
In the grid-connected mode of operation, the RES units act as current sources 
and inject power directly into the AC bus. The utility grid is dictating the bus 
voltage and frequency and the individual RES units control the power flow. The 
battery system is interfaced by a bi-directional converter and can be charged or 
discharged depending on the situation of the generation, load and its state of 
charge. However, in the stand-alone mode, the RES act as current sources 
feeding directly the loads and the battery unit acts as a voltage source 
controlling the AC bus voltage by charging or discharging. The battery DC/AC 
converter regulates the magnitude and frequency of the bus voltage. The 
individual RES units operate in Maximum Power Point Tracking (MPPT) in the 
grid-connected mode. The same is applicable in the stand-alone mode provided 
that the generated power can be either consumed by the load or used to charge 
the battery [7]. In a stand-alone mode, the BESS is used as a grid forming unit 
regulating the AC bus, while the RES is used as a grid feeding unit injecting 
power into the AC bus [8]. 
 
Although the AC microgrids are more dominant in terms of research and 
existence compared to the DC microgrids, the DC microgrids have started 
receiving more attention and consideration with their higher efficiency, natural 
26 
 
interface of RES and other advantages. In addition, some of the issues that are 
faced in AC microgrids, like reactive power flow, power quality, and frequency 
control, do not exist in DC microgrids. This makes the corresponding primary 
control notably less complex than its equivalent AC version [9]. 
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Figure 1.1: General AC microgrid structure 
 
1.3 System under Study 
The stand-alone AC microgrid under study consists of PV based RES, BESS, 
micro gas turbine auxiliary supplementary unit and load. The proposed stand-
alone AC microgrid control topology is as shown in Figure 1.2 and it operates as 
follows:  
 
1- PV unit which consists of a unidirectional DC/DC converter and a DC/AC 
inverter. The DC/DC converter controls the PV output voltage to achieve 
MPPT while the DC/AC inverter regulates the DC link voltage. 
2- BESS unit which has a bidirectional DC/DC converter and a DC/AC 
inverter. The bidirectional DC/DC converter regulates the DC link voltage 
while the DC/AC inverter represents the master unit that maintains and 
controls the AC bus frequency and voltage of the microgrid.  
3- Auxiliary supplementary unit (micro gas turbine in this case) consists of a 
unidirectional AC/DC converter and a DC/AC inverter. The unidirectional 
AC/DC converter regulates the DC link voltage while the DC/AC inverter 
controls the output power to the AC bus. The auxiliary supplementary 
unit operates during low battery SOC and/or low PV generation cases. 
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Figure 1.2: Proposed stand-alone AC microgrid control topology 
 
1.4 Problem Statement  
With its limited capacity and power rating, the BESS has to maintain the bus 
voltage and frequency in the AC stand-alone microgrid. The BESS needs to 
balance the difference between the intermittent RES power and that consumed 
by the load. At the same time, the battery’s SOC and charging/discharging 
power need to be maintained within their allowable limits. The control needs to 
be wireless to increase reliability and no dump load is to be used. Therefore, the 
supervisory controller has to fulfil two main tasks; firstly, the SOC of the battery 
has to be maintained between the maximum and minimum limits and secondly, 
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the battery power needs to be kept within the maximum charging/discharging 
limits.  
 
1.5 Aims and Objectives 
The main aim of this thesis is to develop an energy management system for a 
stand-alone AC microgrid consisting of a RES, BESS, auxiliary unit and load. 
The thesis presents a wireless supervisory controller to limit the charging and 
discharging power of the BESS and the state of charge from exceeding their 
maximum limits by controlling the operation of the PV and auxiliary units. The 
objectives of the thesis are summarised as follows: 
 
 To review different control techniques used for energy management of a 
standalone microgrid.  
 To study the effect of intermittency and varying load on the operation of 
the battery.  
 To design a Fuzzy Logic supervisory controller that can be implemented 
within the battery unit that varies the bus frequency of AC microgrid 
according to the battery unit power and state of charge.  
 To design a local controller for the RES units that curtails the power 
according to the bus frequency of the AC microgrid.  
 To build a laboratory scale AC microgrid consisting of a solar based RES, 
BESS, auxiliary unit, and load and implement the supervisory controller 
experimentally.  
 To evaluate the effectiveness of the proposed controller using real solar 
radiation data and different load profiles.  
 To investigate the effect of a sudden shading of a PV and concentrated 
PV (CPV) on the bus frequency.   
 
1.6 Thesis Contribution 
The main contributions of the thesis are as follows: 
 
 Development of a novel energy management system for a standalone 
microgrid that is based on Fuzzy Logic. The supervisory controller can be 
implemented wirelessly using the bus frequency for the AC microgrids. 
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The local droop controller reacts to the change in bus frequency to curtail 
or supplement power.  
 Investigation into using an auxiliary unit such as a micro gas turbine in a 
standalone microgrid to support the load in case the power from the RES 
is insufficient.  
 Design of a droop controller which enables the auxiliary unit to respond 
automatically to the change in the bus frequency so it supplies power 
only when the frequency is reduced below its nominal value and the 
amount of deviation of the frequency determines the amount of power to 
be supplied by the auxiliary unit. The novelty of the work lies in making 
the micro gas turbine floating on the bus so it generates power only when 
commanded, wirelessly, by the Fuzzy Logic Controller. 
 Experimental implementation of the controller using an AC microgrid that 
has different converter stages including the DC/DC converters.   
 Investigation into the effect of sudden fluctuation of PV and CPV power, 
due to shading, on the AC bus frequency. 
 
1.7 Thesis Outline 
The outline of the thesis is as follows: 
 
Chapter 2 presents a literature review of hybrid solar PV and wind power 
systems. It provides a review of the main research work reported in the 
literature with regard to optimal sizing design, power electronics topologies and 
control. It also presents a review of the state of the art of both grid-connected 
and stand-alone hybrid solar and wind power systems.  
 
Chapter 3 is considers the power management of a stand-alone AC microgrid 
that consists of RES, ESS, auxiliary units and loads. FLC is proposed as the 
supervisory controller for the microgrid for overall power management. The 
chapter also gives an overview of a typical inverter-based AC microgrid and the 
method of operation in stand-alone and grid-connected modes. It shows 
different control strategies for the DC link voltage in a two-stage converter. The 
chapter also provides details about the droop control strategies for ESS and 
RES units by introducing the basic concept of the droop control and then shows 
different strategies for the relevant DC/AC inverters. The concept of a floating 
30 
 
auxiliary unit (micro gas turbine (𝜇GT)) on the common bus is introduced and its 
droop control strategy is provided. The effectiveness of the proposed FLC is 
verified by simulation. 
 
Chapter 4 shows a simplified model of the microgrid that is developed to speed 
up the simulation time in order to assess the performance of the FLC especially 
over long periods of time. The whole microgrid is simplified and each unit is 
represented only by its droop controller. The chapter provides short time and 
long real-time simulation results. In the short simulation, the FLC is compared 
with a Proportional (P) controller while the real-time simulation is conducted 
both with and without the FLC.  
 
Chapter 5 presents the design and experimental set-up for a laboratory-scale 
microgrid. The effectiveness of the proposed FLC is verified experimentally.  
 
Chapter 6 describes the modelling of PV and CPV including single-diode and 
two-diode models that are used for modelling a PV cell. The chapter shows the 
impact of changing solar irradiation or shading of PV and CPV on the microgrid 
AC bus frequency. Sample simulation results of 1m2 area of 135Wp PV, and 
500 suns concentration (500X) CPV modules both with and without shading are 
shown to assess the impact on the frequency. 
 
Chapter 7 provides a discussion of the findings and conclusion and makes 
suggestion for future work. 
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CHAPTER 2: LITERATURE REVIEW 
 
2.1 Introduction 
The literature is reviewed in this chapter to have an understanding of challenges 
and possible solutions/mitigations to hybrid solar PV and wind power systems. It 
provides a review of the main research work reported in the literature with 
regard to optimal sizing design, power electronics topologies and control 
including the supervisory control. It presents a review of the state of the art of 
both grid-connected and stand-alone hybrid solar and wind systems. This 
review should provide insights to aid the improvement of supervisory control of 
the hybrid power system including a fuzzy logic controller. 
 
Energy management is very important for any power system to control the 
power flow between generators and loads. With the intermittent power from 
RES; it becomes more challenging to design a suitable energy management 
strategy or supervisory controller. One solution for the intermittency issue is to 
have a hybrid solar PV and wind power system together in a fully integrated 
power system along with sufficient storage facilities such as batteries. Another 
possible solution is to use fast-act energy sources such as a gas turbine as a 
back-up generating unit [10]. However, the use of a fossil unit needs to be 
controlled effectively to ensure reducing its usage to the minimum possible limit 
in order to reduce the CO2 emissions which reduce the overall cost as well. 
Voltage and frequency fluctuation, and harmonics injection are also major 
power quality issues for renewable energy power systems.  
 
2.2 Hybrid Solar PV-Wind Systems 
A hybrid solar PV and wind power generation system is a very attractive 
solution for stand-alone applications that are not connected to an existing grid. 
Reliability could be increased by integrating solar and wind together compared 
to one individual system. In addition, their hybrid system becomes more 
economical to run since each system complements the other one. Furthermore, 
connecting hybrid solar and wind power systems with a grid can further help 
improving the overall economy and reliability of renewable power generation to 
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supply its load and exchange power with the grid whenever required. Similarly, 
the integration of hybrid solar and wind power in a stand-alone system can 
reduce the size of energy storage needed to supply continuous power to a 
connected load. Literature reviews for hybrid grid-connected and stand-alone 
solar PV and wind energies have been conducted worldwide by many 
researchers who have presented various challenges and proposed several 
possible solutions [11], [12].  
 
2.2.1 Solar energy (PV/CPV) 
Solar electricity generation systems could produce electricity from either 
Photovoltaics (PV) or concentrated solar power plants. In this thesis, the focus 
is on the PV type. The PV uses direct and diffused solar radiations to generate 
electrical power. Concentrated Photovoltaics (CPV) uses only direct solar 
radiation to provide electrical power where a large area of sunlight is focused on 
a solar cell using optics such as lenses. That is why CPV requires days with 
highly concentrated sunlight and continuous tracking of solar radiation (i.e. it 
cannot produce power with diffused solar radiation) [13]–[16].  
 
PV modules produce outputs that are determined mainly by the level of incident 
radiation. As the light intensity increases, photocurrent will be increased and the 
open-circuit voltage will be reduced [17]. For provided external conditions, the 
PV modules are characterized by I-V curves, like the ones shown in Figure 2.1. 
The power depends on the operating point and the Maximum Power Point 
(MPP) is the point near the knee of the I-V curve, which provides the maximum 
power. The photovoltaic voltage of the MPP is generally bounded by 70% to 
82% of the open circuit voltage, which helps in providing suitable MPP tracking 
unlike the current of the MPP that dramatically varies with radiation. In addition, 
the voltage signal measurement is better in quality, cheaper and easier in 
implementation in comparison to current detection [18]. An appropriate tracking 
of the MPP provides better efficiency of the PV system. Furthermore, the 
efficiency of any PV cell decreases with increasing temperature which is non-
uniformly distributed across the cell [19].  
 
The CPV technology generates electricity by utilizing optics, such as lenses or 
mirrors, in order to concentrate a large amount of sunlight onto a small area of 
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solar photovoltaic materials. This increases the efficiency, reduces the cost of 
manufacturing in particular photovoltaic materials cost since the area becomes 
small and it is more environmentally friendly due to the fact that CPV requires 
less area for installation in comparison to the normal flat PV [14]. The CPV can 
be classified into three types: low concentrating PV (LCPV) with concentration 
factors below 10 suns; medium concentrating PV (MCPV) with concentration 
factors between 10 and 300 suns and high concentrating PV (HCPV) with 
concentration factors above 300 suns. The medium concentration CPV systems 
with concentration factors between 10 and 300 suns have disappeared from the 
market since these systems require two-axes solar tracking and cooling, which 
makes them quite complicated [20]. Solar radiation, ambient temperature and 
atmospheric conditions are the main factors affecting the performance of the 
CPV. However, other factors such as solar cell efficiency, optics efficiency, solar 
cell temperature do have an impact as well.  
 
 
 
Figure 2.1: I-V curves 
 
2.2.2 Wind energy   
A wind turbine (WT) converts kinetic energy from the wind into mechanical 
energy and that energy can then be converted to electrical energy using a wind 
generator [21]. Detailed descriptions of the wind energy can be found in 
references [16] and [22]. WTs are classified into two types: 1) Horizontal-Axis 
WT (HAWT) which has the main rotor shaft and electrical generator at the top of 
a tower and 2) Vertical-Axis WT (VAWT) which has the main rotor shaft 
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arranged vertically. The highest achievable extraction of power by a WT is 59% 
of the total theoretical wind power [22]. Table 2.1 provides a brief summary of 
the main advantages and disadvantages of each type of wind turbine [23].  
 
Table 2.1: Brief summary of main advantages and disadvantages of wind 
turbines 
 
Type of WT Advantages Disadvantages 
VAWT  Does not require to be 
placed in a particular 
direction since it can catch 
wind from any direction, 
which provides a great 
flexibility in terms of 
installation and operation. It 
is a great advantage for 
sites with highly variable 
wind direction. 
 It works with relatively low 
wind speed compared to 
HAWT type. 
 It can be installed at a low 
height with no high tower. 
This means low costs of 
transportation, installation, 
construction and 
maintenance. 
 Produce less electricity 
in comparison to HAWT 
type since it has 
relatively low rotational 
speed because it is 
normally installed at a 
low height.  
 Stay wires might be 
required for its stability 
and support. 
 Since it is installed near 
the ground, it has 
relatively high vibration 
because the air flow 
near the ground creates 
turbulent flow. This 
causes less power 
generation compared to 
HAWT type. 
HAWT  It is normally more efficient 
in producing power since it 
is installed on a high tower 
in high places with blades 
which move perpendicular 
to the wind. 
 It can catch high winds 
since it is installed on a 
high tower.  
 It is more stable in 
comparison to VAWT type 
 It must be pointed to the 
wind to be able to work.  
 It has high installation, 
construction and 
maintenance cost. 
 It is heavy in 
comparison to VAWT 
type. 
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Type of WT Advantages Disadvantages 
with no stay wire for 
support since the blades 
are installed to the side of 
the turbine’s centre of 
gravity.  
 
2.2.3 Grid-connected System 
Integrating hybrid solar PV or CPV and wind power systems with a utility grid 
can help in reducing the overall cost and improving the reliability of the 
renewable power generation to supply its load. Surplus renewable power is 
provided to the grid and the grid supplies power to the loads connected to the 
RES when required. Grid-connected systems with solar PV and wind hybrid 
systems could be either connected to a common AC or DC bus. In a grid-
connected system or mode, the utility grid dictates the voltage and frequency. 
The grid provides a stiff and robust regulation of the frequency and the 
microgrid buys or supplies power from/to the grid during transient with little 
variation in the frequency. In addition, the Automatic Generation Control 
provides the required balance during steady state [24]. Individual PV and/or 
wind power systems normally operate in MPPT mode in a grid-connected 
system.  
 
Solar PV and wind systems generate electricity only during sunny and windy 
days. The connection of their power systems with a utility grid can improve the 
overall energy output. Various optimization techniques [25]–[27] have been 
developed and reported in the literature to achieve techno-economically 
optimum hybrid renewable energy systems. A suitable optimization is required 
to ensure having the optimal number and size of a PV and WT. The traditional 
sizing method for hybrid solar PV and wind systems is based on availability of 
long-term weather data, such as solar radiation and wind speed [28]. Since 
long-term weather data is not always available, artificial intelligence techniques 
such as fuzzy logic [2], genetic algorithms and artificial neural network are used. 
Furthermore, optimization performance indicators such as Net Present Value 
[29], Energy Index Reliability and Energy Expected Not Supplied [30] and Cost 
of Energy [31] have been used and reported to decide on implementation of a 
particular project or not. 
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Sun tracking systems can provide marked improvements in the performance of 
a hybrid system in general or PV/CPV systems in particular since they track the 
sun’s position in the sky, which maximize solar power generation. The number 
and orientation of the tracker's axes defines the types of trackers whether 
single-axis or two-axis. Single-axis trackers have only one axis of movement 
and it is normally aligned with North-South. On the other hand, two-axis trackers 
have more freedom to move since they have two axes of movement and are 
aligned with North-South and East-West. Tina and Gagliano [30] found that a 
two-axis tracking system of a PV/WT power system has a better performance in 
terms of monthly power generation in comparison with single-axis tracker which 
reached a maximum of 7% in particular in summer. Essalaimeh et al. [32] 
conducted a feasibility study using payback period for a hybrid PV-wind system 
and  pointed out that clean PV panels could produce extra power, with 31% to 
35% on the maximum solar intensity, compared to panels with dust.  
 
A grid-connected solar PV and wind hybrid system can be either connected to a 
common AC or DC bus. Ahmed et al. [33] presented a utility hybrid PV/wind/FC 
power system where the DC bus line output voltage from each converter is fixed 
and controlled independently. The controllers of wind and PV systems carry out 
MPPT while the controller of the FC is responsible for supporting the system 
when the load power fluctuates. The voltage converters play an important role 
in controlling the amount and the type of voltage whether AC or DC and the 
duty cycle of those converters can be used to improve the quality of power.  
 
Intermittency in power generation, as a result of solar radiation and wind speed 
variations with time, is a major problem for solar and wind sources since it can 
cause voltage fluctuation. The impact of such a disturbance is highly dependent 
on load type and size along with the strength of the connected electrical grid 
and its size. Active power filters such as dynamic voltage regulators can be 
used to resolve voltage fluctuation. In addition to the voltage fluctuations as a 
result of the intermittency in renewable power generation, a common problem in 
grids is the consumption of reactive power by induction generators. The higher 
the generated active power by the induction generators, the greater the amount 
of reactive power required. The voltage at PCC fluctuates as a result of the 
37 
 
fluctuations in the active and reactive powers. Therefore, power compensators, 
with high energy density and shorter charging time, such as fixed or switched 
capacitor (for step changes in capacitor size) can be used to resolve reactive 
power issue. It is achieved by installing those compensators as close as 
possible to the loads to support the voltage, which in turn can reduce the power 
losses and minimize the impact of voltage fluctuations/dips. In addition, 
accurate statistical forecasting and regression analyses and algorithms that are 
used to forecast weather pattern, solar radiation and wind speed can reduce the 
impact from such quality issues [34]–[37].  
 
Smaller RES units scattered in wide geographical areas could reduce the 
impact of intermittency in comparison to the installation of big units at the same 
site [38]. Frequency fluctuation in AC grids, due to sudden changes in active 
power drawn by a load, is another quality issue for hybrid solar and wind power 
systems. Hence, it is important to design control loops for power and frequency 
control to mitigate quality issues [39]. Another quality issue is the existence of 
harmonics which are normally caused by power electronics devices and non-
linear appliances. Harmonics can be mitigated by appropriate filters and a Pulse 
Width Modulation (PWM) switching converter [40], [41]. 
 
2.2.4 Stand-alone System 
The design of a stand-alone power system is normally more challenging in 
comparison to the design of a grid-connected power system due to the fact that 
the grid-connected system does benefit from the grid which is normally a strong 
system that can support the microgrid system, which is connected to it with very 
stable voltage and frequency most of the times. Unlike a grid-connected hybrid 
solar PV and wind power system, its stand-alone version does face more 
challenges since it needs to depend on itself without any support from other 
systems. A stand-alone system needs to rely on its internal backup system such 
as a battery or a FC to provide required power to the connected loads during a 
shortage of power in particular from the RES. A stand-alone microgrid should 
satisfy the voltage and frequency management, supply and demand balancing, 
and power quality [42]. Having said so, the stand-alone power system or 
microgrid still represents an excellent solution for remote areas that are not 
connected to a grid. The stand-alone system provides an economical system to 
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run in comparison to the extension of existing infrastructure facilities such as 
transmission lines, gas lines and others.   
 
If a storage system is combined with a hybrid solar PV and WT in a stand-alone 
power system, the reliability of the overall system is improved [43]. A storage 
system is a very essential part of a stand-alone power system to ensure 
continuous power supply to connected loads. However, the storage cost is still 
high and represents major economic issue for stand-alone power systems. 
Integrating both PV solar and wind powers together could reduce the storage 
requirements, which will ultimately reduce the cost of the overall system [44]. 
Balancing the number of PV panels, high capacity of WT and number of 
batteries should be taken into accounts when design is carried out since 
batteries are much more expensive with a shorter lifespan compared to the life 
time of a PV or WT. However, for high reliability systems, too few batteries 
cannot meet the reliability requirements, which will incur more cost since too 
many PV modules or too large WTs will be required [45]. Individual PV and/or 
wind output power might need to be curtailed in stand-alone systems if the 
battery is fully charged and the available power from the PV and/or wind is 
higher than that required by the load. This is required to prevent the ESS from 
over-charging. Integration of renewable energy generations with battery storage 
and diesel generator back-up systems is a promising cost-effective solution for 
a better utilization of the RES. [46], [47]. 
 
Several optimization techniques have been reported in the literature for stand-
alone hybrid renewable energy systems [48]–[52]. A combination of solar PV 
and wind sources improves the overall energy output. However, an energy 
storage system is required to have a continuous power supply and to cover any 
deficiency in the power generation from the renewable energy sources. The 
storage system can be a battery or FC with a stronger focus here on the 
battery. Artificial intelligence techniques such as fuzzy logic, genetic algorithms 
[53] and artificial neural network [23] are used for sizing stand-alone hybrid 
solar PV and wind systems since it is not always possible to have long-term 
weather data, such as solar radiation and wind speed. 
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Habib et al. [54] achieved a minimum capital cost with an optimal solar/wind 
ratio of 70% in terms of the size of a hybrid PV/wind energy system for a 
constant load in Dhahran area, Saudi Arabia. For a Loss of Power Supply 
Probability (LPSP) of 0, Diaf et al. [55] found that in order to obtain a total 
renewable contribution of an autonomous hybrid PV/wind system, more than 
30% of the energy production was unused unless the battery capacity was very 
large.  
 
Kaldellis et al. [56] developed a methodology for a stand-alone PV-battery 
configuration with minimum life-cycle energy requirements. They highlighted 
that the contribution of the battery component exceeded 27% of the system life-
cycle energy requirements in all cases examined. In hybrid PV/wind energy 
systems for remote locations, Notton et al. [57] found that more than 40% of the 
total production is provided by the WT in windy sites, whereas the WT 
contribution represents only 20% of total production energy for non-windy 
regions. Smaller RES units when connected together in a system could reduce 
the intermittency level and provide a higher efficiency when compared to one 
single equivalent unit. Huang et al. [58] highlighted that when a single 400W WT 
of a hybrid solar PV-wind power system is replaced by 8 smaller WTs with a 
capacity of 50W each at three different locations in China, the power output of 
the overall system increased by 18.69% (at Shenyang), 31.24% (at Shanghai) 
and 53.79% at Guangzhou) due to the fact that small wind turbines can capture 
wind at a lower speed in comparison to larger ones. 
 
Similar to grid-connected systems, the two topologies for stand-alone solar PV 
and wind hybrid systems are AC and DC common buses. The form of a pure 
AC bus system is widely used worldwide with many advantages, such as simple 
operation, plug and play scenario, low cost and easy extension according to the 
load’s requirement. On the other hand, controlling AC voltage and frequency, 
and energy management are some of the challenges for this type of topology. 
Unlike the AC common bus, one of the main advantages of the DC common 
bus is to include a DC interface bus for coupling different generation sources, 
which do not have to operate at a constant frequency and in synchronism [26]. 
In the conventional method for controlling the complete hybrid system, power 
electronics converters are used for maximum energy extraction from solar and 
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wind energy resources. In addition, advanced controlling techniques can 
remove the power fluctuations caused by the variability of the renewable energy 
sources [59], [60].  
 
A droop control is normally applied to generators for a frequency control and 
sometimes a voltage control in order to have a load sharing of parallel 
generators and for avoiding circulating currents or powers between different 
power units. It can also be used to perform an appropriate current sharing in a 
microgrid. With a droop control, a decentralized control for each interfacing 
converter is achieved. At the same time, no communication or only low 
bandwidth communication, such as power line communication, can be used in 
AC systems [61]. A line interactive Uninterruptable Power Supply (UPS) and its 
control system were presented by Abusara et al. [6]. A power flow is controlled 
using a frequency and voltage drooping technique in order to ensure seamless 
transfer between grid-connected and stand-alone parallel modes of operation.  
 
Intermittent energies from solar and wind has a huge impact on loads security 
since those loads have no connection with a utility grid. So, any shortfall in the 
power generation from those sources may leave the connected loads without a 
power supply. Voltage fluctuation, frequency fluctuation and harmonics injection 
are major power quality issues. The voltage fluctuation as a result of radiation 
changes could make the PV system unstable, which will have an impact on the 
overall reliability of the hybrid stand-alone solar PV and wind system. The same 
thing is applicable with respects to the variations in the wind speed, which 
affects the performance of the wind system and ultimately the overall hybrid 
system. Accurate forecasting and scheduling systems can minimize the 
impacts. The frequency stability of a generator should be taken into account 
based on load requirements and whether the generator is connected to AC 
loads with critical power frequency requirements or not. High frequency 
fluctuations can be suppressed by using storage devices such as electrolytic 
double layer capacitor [62].  
 
2.3 Energy Management in Stand-alone Microgrid  
One of the most crucial challenges in hybrid renewable energy systems is to 
have a suitable power management for intermittent generation units and how to 
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distribute the power to the variable loads without exceeding the design limits of 
different equipment and units in the system. This intermittency can sometimes 
lead to instability or can affect the quality of the overall power system. The 
energy management needs to be carried out at the different levels of power 
systems or microgrids whether at a high level for an overall control or at a low 
level for each generating unit. A primary control is responsible for each 
generating unit whereas a supervisory control is responsible for the overall 
control and management of power from generations to loads. Although there 
are many studies and works for individual solar PV or wind power systems, 
there are relatively few studies in the literature for the power management of 
hybrid stand-alone power systems [63], [64]. Most of those studies use 
conventional power management methods such as Proportional (P) or 
Proportional-Integral (PI) controllers [23].  
 
An energy management system is a very complicated system with multi-
objective functions that needs to deal with various technical, commercial and 
environmental issues such as voltage/frequency/power regulation, load power 
sharing/distribution, market/tariff, weather fluctuations (solar radiation, wind 
speed), etc. A hierarchical control scheme capable of handling such issues that 
defines the responsibilities of each control’s level has been proposed and 
widely used as an acceptable standard solution for a suitable and efficient 
microgrid management [65],[66]. Three main hierarchical control levels are 
normally used for controlling microgrids or hybrid renewable energy systems 
where bandwidths of the different control levels are normally separated by at 
least an order of magnitude [42],[65],[66]: 
 
 Primary control: It is the local control for each power unit which 
performs the control of a local power, voltage and control in accordance 
with instructions from the higher level controllers. It can be achieved by a 
droop control to share loads between separate converters. A typical 
response is within 1 to 10ms.  
 Secondary control: It is used to remove any steady-state errors caused 
by the primary control/droop control. So, it is on top of the primary control 
dealing with voltage/frequency restoration, voltage unbalance and others. 
A typical response can be 100ms to 1s. 
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 Tertiary control: It is the highest level of control providing supervisory 
and global control function that decides the management of the overall 
system. A typical response can vary between seconds to hours. 
 
The supervisory control / energy management system architectures in 
microgrids or hybrid renewable energy systems can be either a centralized, 
decentralized/distributed or even a hybrid centralized and 
decentralized/distributed system. Table 2.2 provides a brief summary of the 
advantages and disadvantages of each type [65]–[67]: 
 
Table 2.2: Summary of supervisory control / energy management system 
architectures in microgrid or hybrid renewable energy system 
 
Controller 
architectures 
Advantages Disadvantages Remarks  
 Centralized 
controller 
- Best for multi-
objective 
power 
management 
hybrid system, 
which allows a 
global 
optimization 
based on 
available 
information 
- High 
computational 
cost and 
complexity 
- High 
communication 
cost 
- Less flexibility/ 
expandability 
- Single point 
failure with one 
master 
controller 
- More suitable 
for small scale 
microgrids. 
- Master control 
works as a 
supervisory 
controller and 
decides on the 
overall power 
management 
and 
optimization 
based on 
measured 
signals by 
slave/ local 
controllers and 
pre-determined 
objectives and 
constrains.   
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Controller 
architectures 
Advantages Disadvantages Remarks  
 Decentralized 
(distributed) 
controller  
- Low 
computational 
cost and 
complexity 
- Low 
communication 
cost 
- More flexibility/ 
expandability 
- Less single-
point failure 
issue 
- Easy 
realization of 
plug and play 
functionality  
- Best solved 
with artificial 
intelligence 
algorithms 
- Requires good 
synchronization 
between 
different units. 
- Complexity in 
communication 
is  within local 
controllers 
 
- More suitable 
for large scale 
microgrids or 
wide spread 
power systems. 
- Local controller 
receives 
measurements’ 
signals from its 
generation unit 
and then that 
controller 
communicates 
with other local 
controller for 
other 
generation unit 
for global 
optimization. 
 Hybrid centralized 
and decentralized/ 
distributed 
controller 
- No single-point 
failure issue 
- Optimization is 
divided 
between 
centralized 
controller and 
decentralized 
controller with 
less burden on 
each type. 
 
- Could be a bit 
expensive 
- Suitable for all 
types of 
microgrids/ 
power systems. 
- Central 
controller is 
applied for 
optimization 
and power 
management 
within each 
group of 
renewable 
energy sources. 
Decentralized 
controller is 
applied 
between 
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Controller 
architectures 
Advantages Disadvantages Remarks  
different groups 
within larger 
power systems 
for overall 
power 
management 
and global 
optimization. 
  
As per the literature, in order to have a suitable continuous energy management 
at higher levels between different generation units and connected loads, such 
management can be achieved by a centralized control system with 
communication between the different units [68]–[70]. In this case, all generation 
and load units or even nodes must have suitable power measurement and 
communication modules to provide required data to the power management 
system in order to give the right decision for the power balance between 
generations and loads. This is definitely not practical in most conventional 
power systems especially with the increase of the power system size [71]. 
Failure in communication can cause unbalance between the generation units 
and loads. The communication does definitely add extra cost and complexity for 
the overall power system in particular when the system becomes large with 
many DG units and loads scattered in wide geographical areas making the 
communication system less attractive and/or less reliable. Furthermore, the 
communication link which is used for control increases the control complexity 
and affects the expandability of the power system [72]. The design of an 
effective coordination strategy becomes a challenging task if communication 
between different units is not used simply because there will be neither a central 
energy management system nor a direct interaction between the different units. 
On the other hand, decentralized control strategies for managing PV and 
battery units in droop controlled microgrids are not thoroughly explored in the 
literature [24].    
 
Traditionally, the classical energy management system for a stand-alone system 
or microgrid relies on batteries or ESS in general to absorb surplus power from 
RES once tracking their maximum power points (MPPs) independently. In other 
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words, the RES work as current sources with MPPT while the ESS is used as a 
voltage source to control the voltage and frequency. However, if excess energy 
is not used, it can cause over-charging to batteries and ultimately can damage 
the batteries. A review about excess energy utilization is carried out in [73]. The 
review shows that considerable amounts of excess energy can be left unutilized 
as a result of running hybrid renewable energy systems. Many studies as per 
that review suggest the usage of dumped loads for excess energy, while others 
propose utilizing this excess energy by other means. For grid-connected 
systems, it is straight forward that any excess energy can be directly injected to 
the grid. However, for standalone systems, one costly recommendation is to use 
excess energy for producing hydrogen by electrolyzers, which in turn can be 
stored in hydrogen tanks in order to be used by FCs. This can work as an 
energy storage system capable of providing power in case of power shortage 
from RES. Another possible solution is to design an energy management 
system that uses the surplus energy to provide power supply to other loads, 
such as water heating with storage tanks, surrounding heating/air-conditioning, 
and pumping water [74] or use dump load for protecting battery from over-
charging where the output powers from the RES are normally equal to the 
maximum power available [75].  
 
A different approach was taken in [71] where a power management strategy 
was proposed to operate a PV/battery hybrid unit, in an islanded microgrid, as a 
voltage source that employs an adaptive droop control to share loads with other 
generation sources while charging the battery. At the same time, the MPPT can 
still be tracked and supplied by the PV/battery unit provided that there is 
sufficient load. In this case, there is no external communication between the PV 
and battery since they represent a single hybrid unit.  
 
In an islanded AC microgrid with a wind turbine, battery bank and load in [76], 
the terminal voltage of the battery bank is maintained and controlled within the 
maximum allowable limit. The control of the terminal voltage represents an 
indirect control of the SOC. It is achieved by utilizing the frequency bus-
signalling technique in order to limit the generated power whenever needed. A 
frequency bus-signalling technique of ESS is also used in [8] to provide a power 
management for a stand-alone AC microgrid with a PV, ESS and load. This is 
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achieved by mapping AC bus frequency with estimated SOC. A primary 
frequency signalling is also used in [77] along with a droop control method in 
order to change modes of operations of a stand-alone AC microgrid with a RES, 
ESS and loads in different operation scenarios (i.e. decides whether the RES or 
ESS is working in power control mode or voltage control mode). 
While many authors in the literature have implemented energy management 
systems for hybrid renewable energy systems with single battery, the 
frequency-based energy-management strategy in [78] has been developed for 
multiple batteries without communication cables between distributed inverters. 
The power is transferred from the fully charged or discharged battery to the one 
with less charging or discharging power without the limitation of RES power. A 
PV generation is reduced when the frequency is high to provide protection for 
over-charging or high charging current. On the contrary, noncritical loads are 
regulated/disconnected or the system stops when the frequency is low. This 
provides protection against over-discharging or high discharging current. 
 
The aforementioned references in particular references for power management 
strategies with frequency bus-signalling technique use conventional controllers 
such as Proportional-Integral (PI) controller for power management. No 
intelligent or artificial methods have been used with frequency bus-signalling 
technique.  Furthermore, only RES units are used as DG units without the use 
of other conventional DG units such as micro gas turbines or diesel generators.   
 
To the best knowledge of the author, the supervisory control or power 
management for conventional energy sources along with RES including 
controller based on Fuzzy Logic is not yet fully resolved and research into 
obtaining optimal operational modes continues to increase. Although controller 
is an essential part of any hybrid system, it did not have enough attention in the 
areas of study as per the literature. Novel controllers for effective power 
management, battery SOC management and dump power control represent 
only 6% of the total studies conducted in the field while 4% studies only 
considered modelling of batteries for analysing its statues [79]. Therefore, more 
research work is required on the supervisory control/energy management of 
hybrid RES. Non-conventional type of control such as Fuzzy Logic Control 
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could be an excellent candidate for this and it is discussed in terms of brief 
literature review as follows in section 2.3.1.  
 
2.3.1 Fuzzy Logic Control 
In the last couple of years, the interest on designing rule-based microgrid’ 
supervisory controllers increased to provide a suitable power management of 
different power generation units, including RES. In line with this direction, 
researchers worldwide adopted FLC for energy management in both stand-
alone and grid-connected hybrid renewable energy systems [80].  
 
A FLC provides rules for power management based on human knowledge and 
experience that can deal with unpredictable variables or uncertainties such as 
intermittency behaviour of RES even when they are connected to each other in 
a hybrid power system. Unlike other intelligent or artificial controllers, there is no 
need for training and availability of historical data in order to use FLC. This 
makes the FLC a well-adapted tool for energy management of RES and other 
relevant control tasks for RES [74], [80], [81]. FLC has been used for both AC 
and DC microgrids (grid-connected and stand-alone mode of operations) in the 
literature for several purposes due to its good performance and simplicity. FLC 
has been used for Maximum Power Point Tracking (MPPT) of solar PV [82]–
[84], frequency regulation [85], [86], controlling batteries’ output charger current 
[87] and improvement in wind power prediction accuracy [88]. A FLC has been 
also used in [89] to provide powers’ split between solar PV and BESS based on 
operator’s experience through a pre-defined rules in order to supply DC load. 
The PV power, SOC of the battery and power required by the load are the 
inputs to the FLC. The output of the FLC decides the operation of the different 
switches to have one of the possible connections; PV-battery, battery-load and 
PV-load. 
 
A FLC was used to manage the SOC of a Li-ion battery in a DC microgrid with a 
solar PV, wind and fuel cell system [4]. There were two inputs to the FLC: 
power difference between generation and load, and difference between 
measured SOC and required SOC. The output of the FLC was the 
charging/discharging current demand for the battery.    
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In a grid-connected mode, a FLC was proposed in [90] to minimize energy 
storage range of the battery and power variation range exchanged between the 
grid and the microgrid. A smart FLC was also proposed in [91] in order to 
minimize the number of times required to switch between stand-alone and grid-
connected modes. This in turn maximized the usage of renewable energy and 
reduced the dependency on the main grid. The SOC of a BESS in a hybrid 
microgrid was controlled by a FLC in [92] to improve the performance of the 
hybrid generation system with a smaller energy capacity of the BESS. A 
decentralized fuzzy logic gain-scheduling controller was proposed in [93] to 
balance the stored energy between different battery systems in a DC microgrid 
by adjusting the droop coefficients of the primary controllers.  
 
In view of the above, integrating artificial intelligence techniques such as FLC to 
work as supervisory controller with a conventional controller such as droop 
control to work as primary controller, will add an extra great benefit for power 
managements.  
 
2.4 Summary 
Many of the issues and challenges for hybrid solar PV and wind systems are 
the same for both grid-connected and stand-alone systems. Table 2.3 
summarizes the main challenges for grid-connected hybrid solar PV and wind 
systems with possible solutions or mitigations. Similarly, the main challenges 
and solutions/mitigations for stand-alone systems are summarized in Table 2.4. 
The main challenge for grid-connected systems as well as the stand-alone 
systems is the intermittent nature of solar PV and wind sources. By integrating 
the two resources into an optimum combination, the impact of the variable 
nature of solar and wind resources can be partially resolved and the overall 
system becomes more reliable and economical to run. The issue of 
intermittency in the stand-alone generation becomes more serious and 
continuous power supply will not be guaranteed without sufficient energy 
storage system.  
 
Voltage and frequency fluctuation, and harmonics injection are major power 
quality issues for both grid-connected and stand-alone systems with greater 
impact in case of a weak grid. An overview of the research related to optimal 
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sizing design, power electronics topologies and control for grid-connected and 
stand-alone hybrid solar PV and wind systems has been provided. Solar PV 
and wind hybrid system can be connected in a common DC or AC bus whether 
they are working in a grid-connected mode or a stand-alone mode. 
 
To the best knowledge of the author, the supervisory control and power 
management for conventional energy sources along with RES including 
controller based on Fuzzy Logic are not yet fully resolved and research into 
obtaining optimal operational modes continues to increase. Therefore, more 
research work is required on the supervisory control/energy management of 
hybrid RES along with non-conventional types of control. Hence, the aim of the 
work in this thesis is to fill the gap and provide an appropriate supervisory 
controller based on Fuzzy Logic that provides power management of an 
islanded microgrid which consists of a PV, battery, load and auxiliary unit (a 
micro gas turbine in this case, but it can be a FC or another battery). The 
supervisory controller will be implemented wirelessly using the bus frequency 
for the AC microgrids without any external communications and without any 
dump load. A local droop controller will be designed to react to the change in 
bus frequency to curtail or supplement power. 
 
Table 2.3: Main challenges and possible solutions for grid-connected systems 
 
No. Challenges Solutions References 
1 
Voltage fluctuation 
due to variations in 
wind speed and 
irregular solar 
radiation 
Active power filters such as 
dynamic voltage regulators 
Power compensators such as 
fixed/switched capacitor or static 
compensator. 
[34], [40] 
 
[34], [41] 
 
2 
Frequency 
fluctuation for 
sudden changes in 
active power by 
loads 
Design control loops for power 
and frequency control to 
mitigate quality issues 
[39]  
3 
Harmonics by power 
electronics devices 
and non-linear 
PWM switching converter and 
appropriate filters. 
[40], [41] 
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No. Challenges Solutions References 
appliances. 
4 
Intermittent energy’s 
impacts on network 
security 
Accurate statistical forecasting 
and scheduling systems. 
Regression analysis approaches 
and algorithms for forecasting 
weather pattern, solar radiation 
and wind speed. 
Increase or decrease 
dispatchable generation by 
system operator to deal with any 
deficit/surplus in renewable 
power generation. 
Advanced fast response control 
facilities such as Automatic 
Generation Control and Flexible 
AC Transmission System. 
[34]–[37] 
 
 
Table 2.4: Main challenges and possible solutions for stand-alone systems 
 
No. Challenges Solutions References 
1 High storage cost 
Combining both PV solar and 
wind powers will minimize the 
storage requirements and 
ultimately the overall cost of the 
system. 
[25], [44] 
2 
Less usable energy 
during the year. 
Integration of renewable energy 
generation with battery storage 
and diesel generator back-up 
systems. 
[46]–[48] 
3 
Intermittent energy/ 
power quality 
Integration of renewable energy 
generation with battery storage 
or fuel cell and in some cases 
with diesel generator back-up 
systems. 
[43], [46]–[48] 
& [59], [62] 
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CHAPTER 3: CONTROL OF A HYBRID POWER SYSTEM 
WITH FUZZY LOGIC SUPERVISORY CONTROLLER 
 
3.1 Introduction  
This chapter examined the power management of a stand-alone AC microgrid 
that consists of RES, ESS, auxiliary units and loads. Power management is 
performed by a supervisory controller which interacts with the local controllers 
of the generating units. A Fuzzy Logic Controller (FLC) is proposed and 
implemented within the ESS unit. It interacts with the local droop controllers by 
changing the bus frequency. In an AC stand-alone microgrid, the battery unit 
forms the AC bus and has to supply or absorb the difference between varying 
RES and load powers. However, the power rating and energy capacity of the 
battery are limited and therefore, power management of the microgrid is 
required to ensure both battery power and energy do not exceed their maximum 
limits.    
 
The chapter starts by giving an overview of a typical inverter-based AC 
microgrid and the method of operation in stand-alone and grid-connected 
modes. It then shows different control strategies for the DC-link voltage in a 
two-stage converter. The chapter also provides details about the droop control 
strategies for ESS and RES units by introducing the basic concept of droop 
control and then shows different strategies for the relevant DC/AC inverters. 
The concept of a floating auxiliary unit (micro gas turbine (𝜇GT)) on the 
common bus is introduced and its droop control strategy is provided. The main 
merits of the proposed controller are simplicity and easiness of implementation 
without the need for any communication links between the parallel units and any 
dump load. The proposed controller uses the AC bus frequency as a 
communication signal to curtail RES power or increase/decrease the auxiliary 
unit power. The design of the FLC for energy management of the microgrid is 
discussed in detail. Matlab/Simulink simulations show that the proposed 
controller can maintain the SOC and the charging/discharging power of the 
battery within their design limits irrespective of changes in generation from RES 
or changes in the load.  
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3.2 System Overview  
A typical AC microgrid structure that can work in both stand-alone and grid-
connected modes is shown in Figure 3.1. It consists of RES, ESS, auxiliary unit 
and loads that are all connected to a common AC bus which can be connected 
to or isolated from the grid by a Static Transfer Switch (STS) controlled by a 
supervisory control unit. The auxiliary unit is shown as a micro gas turbine, but it 
could be a fuel cell, diesel generator or even another battery. PV and BESS 
units are interfaced by two-stage DC/DC and DC/AC power electronic 
converters. On the other hand, the wind turbine (WT) and micro gas turbine 
units are interfaced by two-stage AC/DC and DC/AC power electronic 
converters. The AC output voltages from individual units are connected to a 
common AC bus to provide the power to the utility grid or local loads. The 
output voltage from each source is controlled independently. However, low 
speed communication between the STS and the different Distributed Generator 
(DG) units is still required to detect the status of the STS. In order to isolate (or 
re-connect) the microgrid from (or to) the utility grid seamlessly, STS is used at 
the Point of Common Coupling (PCC), which could be monitored and controlled 
by the supervisory controller of the microgrid. In order to ensure that the local 
loads are always supplied with power, they are connected to the microgrid side 
of the STS [6].  
 
In grid-connected mode of operation, the utility grid dictates the bus voltage and 
frequency. Hence, all units act as current sources controlling the amount of 
power injected into the grid. The RES, among other DG units, act as current 
sources and inject power directly into the AC bus according to their Maximum 
Power Point Tracking (MPPT) algorithms. Power can be imported when the 
electricity import tariff is low to be stored and used later by the load during the 
high tariff period. Power can also be exported to the utility grid when there is 
surplus power from PV. The battery is interfaced by a bidirectional converter 
and can be charged or discharged depending on its SOC. However, in stand-
alone mode, the bus needs to be maintained by the microgrid itself. This thesis 
is concerned with a stand-alone microgrid. 
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The paralleled units can all work as voltage sources and by using droop control 
will share the power equitably [94], [95]. In this case, the amount of power 
drawn by each unit depends on the local load and therefore, the power 
generated from RES is not maximised. It is desirable to maximise the power 
generated by the RES using MPPT. Thus the RES need to be controlled as 
current sources with the output power proportional to the available renewable 
sources at the time of using MPPT. At any moment in time, generated power 
needs to equal load power to achieve the power flow balance and maintain the 
AC bus stability. Therefore, a balancing mechanism is required. ESS is a 
natural choice for this as it can supply and absorb/store power (i.e. to balance 
the difference between the power generated by RES and that consumed by the 
load). In order to achieve the above, the ESS has to be controlled as a voltage 
source in parallel with RES that operates as a current source as shown in 
Figure 3.2. The load is represented as a current source also. So, in a stand-
alone AC microgrid, the RES units act as current sources feeding the loads 
directly while the ESS acts as a voltage source controlling the AC bus voltage 
and frequency [7].  
 
The parallel inverters should control the AC bus voltage of the stand-alone 
microgrid. In other words, in a stand-alone AC microgrid with ESS and RES, the 
ESS is used as a grid forming unit regulating the AC bus, while the RES is used 
as a grid feeding unit injecting the power to the power system [8]. The ESS has 
limited energy capacity and therefore if it is full, the RES power must be 
curtailed and if it is exhausted, the load must be shed. An additional problem is 
that the ESS has limited power capability and charging and discharging power 
levels must not exceed the maximum limits. Shedding the load is not a 
desirable solution and a better alternative is to use a supplementary unit that 
supplies power only when needed. In view of the above, a supervisory controller 
is required, which needs to monitor the SOC and power of the battery and to 
instruct the RES and auxiliary units. Communication-based control can be used, 
but system frequency is proposed in this thesis as a communication mean.  
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Figure 3.1: Typical AC microgrid structure 
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Figure 3.2: ESS as a voltage source and RES, auxiliary and load as current 
sources 
 
3.3 Control Strategies 
There are two options for controlling the two-stage converters for each 
generation unit in Figure 3.1 as follows: 
  
1. Stage 1 converter (DC/DC for PV and ESS and AC/DC for wind and 
μGT) regulates power flow between the energy source and the DC-link 
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capacitor (acting as current source), while stage 2 converter (DC/AC) 
regulates the DC-link voltage, i.e., acting as a voltage source across the 
capacitor. This option is shown in Figure 3.3(a) assuming DC energy 
source. The DC/AC converter has three control loops: an outer DC-link 
voltage regulator loop that sets the power demand to the middle power 
control loop which in turn sets the voltage demand to the inner AC 
voltage control loop.  
2. Stage 1 converter (DC/DC for PV and ESS and AC/DC for wind and 
μGT) acts as a voltage source that regulates the DC-link voltage. On the 
other hand, the DC/AC converter acts as a current source that regulates 
the power flow from/to the grid. The scheme of this option is shown in 
Figure 3.3(b) assuming DC energy source. The DC/AC converter has 
two control loops: an outer power loop, based on droop control that sets 
the voltage demand to an inner voltage control loop.  
 
Selecting from the two options above depends entirely on how the specific unit 
is required to operate. For the PV-based RES unit, the PV output voltage should 
be controlled in order to achieve MPPT and this can be achieved by the 
unidirectional DC/DC converter which senses the PV output voltage directly. On 
the other hand, the DC/AC inverter regulates the DC-link voltage in order to 
regulate the power flow from/to the AC bus. Therefore, option 1 is selected for 
the PV-based RES unit. The battery unit should work as the grid former that 
maintains and controls the AC bus frequency and voltage of the stand-alone 
microgrid. In addition, it should be capable of switching seamlessly between a 
stand-alone mode (AC bus frequency and voltage regulations) and a grid-
connected mode (power flow regulation) in the case that the microgrid is 
required to connect to a utility grid. Hence, option 2 is selected for the battery 
unit. Therefore, the bidirectional DC/DC converter regulates the DC-link voltage 
while the DC/AC converter regulates the AC bus.  
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Figure 3.3: Energy sources control scheme as (a) current-controlled source    
(b) voltage-controlled source 
 
The stand-alone AC microgrid control topology including the proposed FLC as 
the supervisory controller is shown in Figure 3.4. The microgrid consists of a 
PV, BESS and auxiliary (micro gas turbine) units connected to a common AC 
bus and supplies a local load. For the PV unit, the DC/DC converter controls the 
PV output voltage to achieve MPPT while the DC/AC inverter regulates the DC-
link voltage. The BESS unit forms the AC bus by controlling the voltage and 
frequency. Hence, for the BESS, the DC/DC converter regulates the DC-link 
voltage and the DC/AC inverter maintains and controls the AC bus frequency 
and voltage of the microgrid. The BESS absorbs surplus power from the PV unit 
if it exceeds the load demand and it supplies power when the PV power is less 
than that absorbed by the load.  
 
The auxiliary supplementary unit (micro gas turbine in this case) in Figure 3.4 is 
interfaced by a unidirectional AC/DC converter (equivalent to a passive rectifier 
along with a DC/DC converter) and a DC/AC inverter. The unidirectional DC/DC 
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converter regulates the DC-link voltage while the DC/AC inverter controls the 
output power according to the AC bus frequency altered by the BESS based on 
FLC command [96]. The main role of the auxiliary supplementary unit is to 
support the battery unit when the SOC of the battery is low and/or the PV power 
cannot meet the load requirement. 
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Figure 3.4: The stand-alone AC microgrid control topology with proposed FLC 
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The power of the battery 𝑃𝑏𝑎𝑡 is the power difference between the generation 
(𝑃𝑃𝑉 + 𝑃𝑎𝑢𝑥) and the load 𝑃𝑙𝑜𝑎𝑑 as shown in Figure 3.4. If the PV power is higher 
than the load, the battery absorbs the excess power. However, if the SOC of the 
battery is very high, the PV power should be curtailed to prevent over-charging 
the battery. To achieve this, a PV power shifter is implemented. The MPPT 
controller measures the bus frequency using a Phase Looked Loop (PLL). 
Normally, the MPPT controller regulates the voltage across the PV to supply the 
maximum power. When a curtailment is needed, the power shifter shifts the PV 
voltage to deviate it from the maximum power point to a lower point (see Figure 
3.8 if required). The changes in the battery SOC and power are the two inputs 
of the FLC while the change in the bus frequency is the output which serves as 
a communication means to the PV and auxiliary units. If the frequency is 
increased above the nominal value, the PV unit curtails its power. On the other 
hand, if the frequency is decreased, the auxiliary unit generates power. The 
power curtailment and supplement are proportional to the frequency variations. 
In order to avoid any need for communication links between the units, the 
DC/AC inverters of all the units adopt the well-documented wireless droop 
technique. The droop control of the auxiliary unit is implemented such that the 
unit is floating on the bus and thus it generates power only when required if the 
bus frequency is decreased below its nominal value.  
 
The FLC is proposed to protect the battery and hence to prevent its SOC and 
charging/discharging power from exceeding their maximum limits regardless of 
the variations in the load and RES intermittent power. Based on the decision 
from the FLC, the power management system acts as per the following 
strategy: 
 
1- The PV power system is the primary source of the power to the load. 
2- The BESS is the secondary power source to the load. If the power 
generated by the PV unit is more than the load, the battery unit absorbs 
the surplus power (charging mode). Similarly, if the PV power is less than 
the load, the battery supplies the shortage (discharging mode). The 
battery power is assumed to be negative in the charging mode and 
positive in the discharging mode. 
59 
 
3- The micro gas turbine works only during low battery SOC and/or low PV 
generation scenarios. 
 
Details of the droop control strategies and FLC will be discussed in the following 
sections below. 
 
3.3.1 Droop Control Strategies for ESS and RES 
Two methods of control can be implemented in order to enable a power sharing 
between the different units in a microgrid; communication-based control (such 
as master-slave) and non-communication-based control (wireless based on 
droop control). In this thesis, wireless droop control is used as a primary 
controller for the generating units in order to stay in parallel and avoid 
circulating currents between them [65], [94]. Parallel structure in a wireless-
based control system depends on the capability of the inverter units to regulate 
the output voltage and frequency while sharing the active and reactive power 
demands between the units. To illustrate the droop control principle, Figure 3.5 
is used to show two parallel inverters supplying a common load. Each inverter is 
connected to the load bus through an inductive output impedance. The primary 
controller mimics the behaviour of the synchronous generator in terms of 
decreasing the frequency when the active power is increased and vice versa. 
The exported active and reactive powers for each inverter, assuming pure 
inductive output load impedance, are given by  
 
𝑃 =
𝑉𝐿𝑉𝑠𝑖𝑛(𝜃)
𝑋
 
(3.1) 
 
 
𝑄 =
𝑉(𝑉 − 𝑉𝐿 )cos(𝜃)
𝑋
 
(3.2) 
 
If 𝜃 becomes very small, these two equations can be approximated as given by 
(3.3) and (3.4), respectively [97]: 
 
𝑃 ≈
𝑉𝐿𝑉𝜃
𝑋
 
(3.3) 
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𝑄 ≈
𝑉(𝑉 − 𝑉𝐿)
𝑋
 
(3.4) 
 
where 𝑃 and 𝑄 are the exported active and reactive powers, respectively. 𝑋 is 
the load impedance. The active power depends on the phase difference (𝜃) 
between each inverter output voltage (𝑉) and the load voltage (𝑉𝐿). Hence, the 
active power is controlled by the phase angle. On the other hand, the reactive 
power depends on the difference in magnitudes between the inverter output 
voltage and load voltage (𝑉 − 𝑉𝐿). Therefore, the reactive power is controlled by 
the voltage difference. Basic 𝑃- 𝜔 and 𝑄- 𝑉 droop curves are as shown in Figure 
3.6(a) and Figure 3.6(b), respectively. The higher the generated active power, 
the greater the drop in frequency from its nominal value. Similarly, the higher 
the supplied reactive power, the greater the voltage drop. 
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Figure 3.5: Equivalent circuit of two parallel inverters connected to a common 
load 
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Figure 3.6: Basic 𝑃- 𝜔 and 𝑄- 𝑉 droop curves 
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In traditional droop control, the output frequency 𝜔 and voltage amplitude 𝑉 of 
any DC/AC inverter are given by (3.5) and (3.6), respectively.  
 
𝜔 = 𝜔𝑜 −𝑚(𝑃 − 𝑃
∗) (3.5) 
 
𝑉 = 𝑉𝑜 − 𝑛(𝑄 − 𝑄
∗) (3.6) 
 
where 𝜔𝑜, 𝑉𝑜, 𝑚, and 𝑛 are the nominal frequency, nominal voltage, frequency 
drooping coefficient, and voltage drooping coefficient, respectively. 𝑃 and 𝑄 are 
the measured active and reactive powers. 𝑃∗and 𝑄∗ are the active and reactive 
power demands or set-points, respectively. The coefficient 𝑚 and the set-point 
𝑃∗ depend on whether the microgrid is in grid-connected mode or in stand-alone 
mode. 
 
The three DC/AC inverters in Figure 3.4 have the same droop equations for 
voltage/reactive power [98] as in (3.6). However, for active power, each unit has 
a different droop coefficient and power demand depending on its role. The 
battery unit is required to be a voltage source that forms the AC bus in the 
stand-alone microgrid. The AC bus is dictated by the BESS unit and has to 
control the output voltage and frequency. The power delivered/absorbed by the 
battery depends on the PV power and load. To achieve this functionality, the 
droop coefficient of the battery unit 𝑚 needs to be set to zero. In addition, in 
order to be able to curtail the PV power or to supplement power from the 
auxiliary unit, the bus frequency is varied by ∆𝜔 which is the output from the 
FLC as shown in Figure 3.4. Thus, the output frequency of the battery unit is 
given by 
 
𝜔 = 𝜔𝑜 + ∆𝜔 (3.7) 
 
The DC/AC inverter of the PV unit controls the DC-link voltage by injecting more 
or less power into the AC bus. The droop control of the PV unit is given by 
 
𝜔 = 𝜔𝑜 −𝑚𝑝𝑣(𝑃 − 𝑃𝑝𝑣
∗ ) (3.8) 
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where the power demand 𝑃𝑝𝑣
∗  is the output of the proportional-integral (PI) 
controller that regulates the DC-link voltage (see Figure 3.4). In the steady 
state, the power demand 𝑃𝑝𝑣
∗  equals the power generated by the DC/DC 
converter according to its MPPT algorithm. The PV unit acts as a current or 
power source injecting maximum power available from PV to the AC bus.  
 
For the PV unit in the proposed stand-alone microgrid, the 𝑃𝑝𝑣
∗  is given by  
 
𝑃𝑝𝑣
∗ = (𝑘𝑝−𝑑𝑐 +
𝑘𝑖−𝑑𝑐
𝑠
)(𝑉𝑑𝑐 − 𝑉𝑑𝑐
∗ ) (3.9) 
 
where 𝑉𝑑𝑐 and 𝑉𝑑𝑐
∗  are the DC-link voltage and its set-point value, 𝑘𝑝−𝑑𝑐  and 
𝑘𝑖−𝑑𝑐 are the proportional and integral controller gains of the PI controller that 
regulates the DC-link voltage in Figure 3.4, respectively,  and ‘s ’ is the Laplace 
operator.  
 
It is important to note that even if this stand-alone microgrid is connected to a 
utility grid, 𝑚𝑝𝑣 and  𝑃𝑝𝑣
∗  are still the same. 
 
3.3.2 Variable AC Bus Frequency and Proposed Floating 𝜇GT 
The proposed controller is to use the AC bus frequency as a communication 
signal to curtail RES power or increase/decrease the auxiliary unit (micro gas 
turbine (𝜇GT)) power. The frequency is kept at its nominal value during normal 
operation. If the SOC or charging power is higher than their maximum limits, the 
bus frequency is increased so the local controller of the RES curtails the power. 
Conversely, the frequency is lowered to instruct the 𝜇GT to supplement more 
power. The greater the frequency deviation from its nominal value, the higher 
the power supplied by the 𝜇GT. The auxiliary unit provides power only when 
needed according to the bus frequency and its droop control is calculated by  
 
𝜔 = 𝜔𝑜 −𝑚𝑎𝑢𝑥(𝑃 − 𝑃𝑎𝑢𝑥
∗ ) (3.10) 
 
The power set-point 𝑃𝑎𝑢𝑥
∗   is set to zero in this stand-alone microgrid in order to 
make the auxiliary unit floating on the AC bus to supplement power 
automatically in response to variation in the bus frequency. However, if at all, a 
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decision is made to connect this microgrid to the utility grid, 𝑃𝑎𝑢𝑥
∗  is set to the 
required power level. Whether the mode of operation is grid-connected mode or 
stand-alone mode, the active power/frequency droop coefficient for the auxiliary 
unit 𝑚𝑎𝑢𝑥 does not change.  
 
Table 3.1 below summarises 𝑚 and 𝑃∗ for the three units for the proposed 
stand-alone microgrid. It provides a summary for grid-connected types as well 
to ensure a full understanding of the two modes of operation.   
 
Table 3.1: Droop control and power set-points  
 
 𝑚 𝑃∗ 
 Grid-
connected 
Stand-
alone 
Grid-
connected 
Stand- 
alone 
PV 𝑚𝑝𝑣 𝑚𝑝𝑣 𝑃𝑝𝑣
∗  (See (3.9)) 𝑃𝑝𝑣
∗  (See (3.9)) 
ESS 𝑚𝐸𝑆𝑆 0 𝑃𝐸𝑆𝑆
∗  0 
Auxiliary 𝑚𝑎𝑢𝑥 𝑚𝑎𝑢𝑥 𝑃𝑎𝑢𝑥
∗  0 
 
 
The droop strategy is illustrated in Figure 3.7 which shows the frequency/power 
droop control for the three units based on (3.7), (3.8) and (3.10). This droop 
strategy means that the 𝜇GT unit is floating on the bus and it will automatically 
generate power only if the frequency is reduced below its nominal value. The 
zero droop coefficient of the battery unit makes it the grid former and hence it 
dictates the AC bus frequency. The bus frequency can be shifted up to curtail 
PV power or shifted down to produce power from the auxiliary unit.  For the PV 
unit, the output power 𝑃 equals the demanded power 𝑃𝑝𝑣
∗  when the bus 
frequency 𝜔 equals the nominal frequency 𝜔𝑜. If the bus frequency is shifted 
down, the DC/AC inverter of the PV unit delivers more power than that 
produced by the DC/DC converter which causes the DC-link voltage to drop. 
This drop causes the PI controller of the DC-link voltage to reduce the power 
demand  𝑃𝑝𝑣
∗  so that the DC/AC inverter delivers the same power produced by 
the DC/DC converter. However, if the bus frequency is shifted up, this acts as a 
message to the MPPT controller that the PV power needs to be curtailed. The 
MPPT controller measures the bus frequency using a Phase Looked Loop 
(PLL) (see Figure 3.4) and it shifts the maximum power point to a lower value 
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by increasing the PV output voltage as illustrated in Figure 3.8. The higher the 
rise in the frequency, the greater the curtailment in the PV power. Shifting the 
voltage from the voltage at the maximum power to a higher value (to the right of 
the MPP towards the open circuit voltage 𝑉𝑜𝑐) mimics the insertion of a low load 
while shifting it to a lower value (to the left of the MPP) requires the converter to 
absorb more current that is not preferable. In addition, the right of the MPP 
represents a higher efficiency of the PV in comparison to the left of the MPP 
due to high voltage values which means less losses. Furthermore, the gradient 
of the P-V curve for the power change to the voltage change ( 
∆𝑃
∆𝑣
 ) in the right of 
the MPP is relatively bigger in comparison to the left of the MPP, which makes 
the PV system more robust with a better voltage stability. 
 
When the bus frequency is equal to or higher than the nominal frequency 𝜔𝑜, 
the auxiliary unit produces no power according to (3.10) and as illustrated in 
Figure 3.7. If the bus frequency is shifted down, however, the auxiliary unit 
starts producing power and the higher the drop in the frequency, the greater the 
power produced. This way, power curtailment and supplement are controlled 
wirelessly through the bus frequency without any extra communication. The limit 
for the frequency deviation is set as ± 1% of the nominal value (50Hz). This 
provides a variation in the frequency between 49.5Hz and 50.5Hz. The range of 
the frequency variation can be changed based on requirement, but the 
principles of the power management and control will remain the same. 
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Figure 3.7: Power – frequency droop control curves 
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Figure 3.8: PV MPP shifting operation: (a) PV power versus output voltage     
(b) output voltage versus frequency 
 
3.4 Proposed Fuzzy Logic Controller 
3.4.1 Introduction to Fuzzy Logic 
The bulk of information that is used on a daily basis is fuzzy at least from the 
perspective of human beings. However, that is not the case with respect to most 
of the actions or decisions taken to deal with this information which are crisp in 
nature. The crisp value is either true (1) or false (0). In 1965, the idea of fuzzy 
logic was introduced for the first time by Lotfi Zadeh of the University of 
California (Department of Electrical Engineering and Electronics Research 
Laboratory), Berkeley, California, USA [99]. He observed that conventional 
controllers lack the capability of manipulating subjective or vague data not like 
human thinking or reasoning. In 1973, he introduced the concept of "linguistic 
variables" which is equal to a variable defined as a fuzzy set [100]. The first 
application of the fuzzy logic in the industry was introduced in 1975 when a 
cement kiln built and came into operation in Denmark in an attempt to control a 
steam engine and boiler combination [101].  
 
Unlike traditional binary logic (where variables can be either true (1) or false 
(0)), fuzzy logic variables may have a value between 0 and 1. So, contrary to 
conventional binary logic, fuzzy logic can give different solutions which are not 
necessarily true or false, black or white. It can be partially true or partially false. 
This is where the word “fuzzy” comes from. In addition, fuzzy logic can 
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complement conventional controllers and simplify their implementation rather 
than replacing them. A controller that is based on fuzzy logic is a form of an 
estimate or approximation that is designed with rules based on human 
knowledge and experience to give different possible solutions to a problem with 
different variables. Those solutions are then combined together to give a single 
crisp value as a final solution to the problem. Fuzzy logic is an intelligent 
technique that can be used to solve or control complicated problems or systems 
without the knowledge of their mathematical models. However, good 
understanding of the system’s behaviour is required which comes from 
experience and can be translated to several IF and THEN rules or conditions, 
which makes the whole design process easy to understand since simple natural 
language is used. Common sense and linguistic descriptions between process’s 
inputs and outputs are converted into a computer controlled system that is 
capable of providing a reliable and convenient solution [102]. It makes a fuzzy 
logic controller a powerful tool in solving imprecise and uncertain decision 
making problems. This leads to other useful features of fuzzy logic which are 
flexibility and the ability to model non-linear systems. It means that someone 
can add rules to existing ones without the need to start from the beginning. 
Furthermore, one complex or vague rule can be simplified or divided into more 
than one rule to give a better solution to a problem [103].  
 
In view of the above, a controller based on fuzzy logic can be very useful in 
renewable energy managements and the following represent some of the areas 
that can be used or developed based on the advantages or features of the FLC: 
 
 Since a FLC can control complicated systems without the knowledge of 
their mathematical models, it can be used to control power converters 
and tune conventional controllers to improve their performance. 
 Due to the fact that a FLC can solve non-linear problems with imprecise 
and uncertain behaviours, the effect of the intermittency nature of the 
RES can be minimized especially with the available energy storage 
system. This is very helpful with complex systems like microgrids with 
different types of imprecise inputs and unpredictable variables and 
disturbances in particular if they are connected or supplied through RES 
and the power is consumed by varying and unpredictable loads. 
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 Because there is no need for training and availability of historical data in 
order to use FLC, it can be easily used for energy management of RES. 
 The relationship between the PV power and voltage is non-linear as 
shown in Figure 3.8(a), which is affected by the solar irradiance and 
temperature. A FLC can deal with this non-linear relationship and it is 
possible to be used for maximizing the power delivery by extracting the 
maximum power point of the PV or other types of RES.  
 Minimizing the cost of the overall control system since a controller based 
on fuzzy logic can be implemented using very cheap sensors making the 
control process easier and cheaper than a conventional controller.   
 Since IF and THEN rules form an essential part of a FLC process, the 
FLC can be used as an assessment/evaluation tool for the selection of 
the RES sites based on their costs and benefits.   
 Frequency regulation can be implemented using a FLC as a means of 
communication due to the simplicity of the FLC design. 
 Due to the fact that fuzzy logic is based on several IF and THEN rules or 
conditions, a FLC can be used to improve the RES power prediction 
accuracy.  
 Because a fuzzy logic controller is designed with rules based on human 
knowledge and experience, an experienced operator can design the 
rules to provide very reliable outputs in terms of power management 
taking into account the given constrains. This will minimize the impact of 
the intermittency nature of the RES and the variations in the loads.  
  
The fuzzy logic control system consists of the following components and its 
architecture is as shown in Figure 3.9 below. 
 
1- Fuzzification: Converts the crisp inputs to linguistic variables (fuzzy 
inputs) using membership functions stored in the rule base. Therefore, 
the input variables are assigned degrees of membership in various 
categories. 
2- Inference Engine: Evaluates all rules and determines their truth values 
(fuzzy outputs). There are two types of inference engines; Mamdani and 
Sugeno. Mamdani type is the most commonly used where the output 
membership functions consist of fuzzy sets. It was proposed by Ebrahim 
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Mamdani in 1975 [101]. On the other hand, Sugeno type is used only 
when the output membership functions are expected to be either linear or 
constant. For the work conducted in this thesis, the Mamdani type of 
inference engine is used. 
3- Defuzzification: Converts the fuzzy outputs obtained by the rules 
evaluation into crisp outputs which can be used as inputs to control a 
plant or system. There are many defuzzification methods such as 
centroid method, weighted average method and mean-max [104]. The 
centroid method is the most commonly used defuzzification method and 
is the one used in this thesis. It is often called centre of area or centre of 
gravity (COG) method. The centroid method finds the centre point of the 
targeted fuzzy region by calculating the weighted mean of the output 
fuzzy region as shown in (3.11). 
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(3.11) 
 
where 𝜇𝐴(𝑥) is the degree of a membership function 𝐴 of a vector 𝑥 on 
the interval between 𝑎 and 𝑏 and 𝐴𝑖 is the area. 
 
4- Rule Base: Contains knowledge in a set of rules to control the system. 
The rules are based on IF and THEN conditions where operators such as 
OR (for minimum values) or AND (for maximum values) can be added in 
the middle of the rule between IF and THEN. 
 
The process for designing an FLC is as follows: 
 
1- Identify available input(s) and possible output(s). 
2- Define fuzzy sets and membership functions.  
3- Classify linguistic variables using membership functions. 
4- Form the rules by using fuzzy sets and linguistic variables. 
5- Determine defuzzification method. 
6- Check the performance of the system and modify accordingly. 
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Figure 3.9: Fuzzy logic control architecture 
 
Input and output variables in a fuzzy logic control system are mapped by sets of 
membership functions defined in the universe of discourse. Those sets are 
called "fuzzy sets" and their membership functions provide the degree of 
membership of any element in the universe of discourse. The degree of 
membership is between 0 (does not belong to the set) and 1 (entirely belongs to 
the set). A degree value between 0 and 1 means that the element belongs to 
the set [105]. There are many types of membership functions such as triangular, 
trapezoidal, Gaussian and bell. However, the degree of membership should be 
always between 0 and 1 for any type of membership function [106]. The types 
that have been used in this thesis are the most commonly used membership 
functions which are triangular and trapezoidal due to their simplicity.  
 
3.4.2 Design of FLC for Energy Management of Microgrid 
The FLC is proposed to protect the battery and prevent its SOC and 
charging/discharging power from exceeding their maximum and minimum limits 
regardless of the variation in the load and RES intermittent power. The FLC, 
which is implemented inside the BESS unit, alters the AC bus frequency which 
is used by the local controllers of the parallel units to curtail the power 
generated by the PV or to supplement power from the auxiliary unit as was 
explained earlier in section 3.3.2.  
 
The proposed FLC is responsible for varying the bus frequency and is shown in 
Figure 3.10. To simplify the design, the FLC is divided into two subsystems: top 
and bottom. The top subsystem is responsible for preventing the battery from 
over-charging (i.e. keeping the 𝑆𝑂𝐶 below its maximum limit) and the battery 
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charging power from exceeding its limit. The inputs for this subsystem are 
∆𝑆𝑂𝐶1 and ∆𝑃𝑐ℎ𝑎𝑟𝑔𝑒 which are given by (3.12) and (3.13), respectively.  
 
∆𝑆𝑂𝐶1 =
𝑆𝑂𝐶𝑚𝑎𝑥
∗ − 𝑆𝑂𝐶
𝑆𝑂𝐶𝑚𝑎𝑥∗ − 𝑆𝑂𝐶𝑚𝑖𝑛
∗  
(3.12) 
 
  
∆𝑃𝑐ℎ𝑎𝑟𝑔𝑒 =
𝑃𝑐ℎ𝑎𝑟𝑔𝑒_𝑚𝑎𝑥
∗ − 𝑃𝑐ℎ𝑎𝑟𝑔𝑒
𝑃𝑐ℎ𝑎𝑟𝑔𝑒_𝑚𝑎𝑥
∗  
(3.13) 
 
where 𝑆𝑂𝐶 is the current state of charge and 𝑆𝑂𝐶𝑚𝑎𝑥
∗  is its maximum value. 
𝑃𝑐ℎ𝑎𝑟𝑔𝑒  is the charging power and 𝑃𝑐ℎ𝑎𝑟𝑔𝑒_𝑚𝑎𝑥
∗  is the maximum charging power 
value. The output of the top FLC subsystem causes a positive shift in the 
frequency ∆𝜔+. As this controller is implemented in the BESS, the bus 
frequency is deviated and as a consequence, the PV power is curtailed. 
 
On the other hand, the bottom FLC subsystem is responsible for preventing the 
battery from over-discharging (i.e. keeping the 𝑆𝑂𝐶 above its minimum limit) 
and the battery discharging power from exceeding its limit. The inputs for this 
subsystem are ∆𝑆𝑂𝐶2 and ∆𝑃𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 which are given by (3.14) and (3.15), 
respectively.  
 
∆𝑆𝑂𝐶2 =
𝑆𝑂𝐶 − 𝑆𝑂𝐶𝑚𝑖𝑛
∗
𝑆𝑂𝐶𝑚𝑖𝑛+10%
∗ − 𝑆𝑂𝐶𝑚𝑖𝑛
∗  
(3.14) 
 
  
∆𝑃𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 =
𝑃𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒_𝑚𝑎𝑥
∗ − 𝑃𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒
𝑃𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒_𝑚𝑎𝑥
∗  
(3.15) 
 
where 𝑆𝑂𝐶𝑚𝑖𝑛
∗  is the 𝑆𝑂𝐶 minimum value and 𝑆𝑂𝐶𝑚𝑖𝑛+10%
∗  is the 𝑆𝑂𝐶 minimum 
value plus 10%. 𝑃𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒  is the discharging power and 𝑃𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒_𝑚𝑎𝑥
∗  is its 
maximum discharging power value. The output of this subsystem is a negative 
shift in the bus frequency ∆𝜔− which causes the auxiliary unit to supplement 
power.  
 
The two FLC subsystems work simultaneously. Therefore, the shift of frequency 
∆𝜔  is the result of ∆𝜔+ and ∆𝜔− as given by 
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∆𝜔 = ∆𝜔+ − ∆𝜔− (3.16) 
 
To further clarify how the two subsystems work simultaneously; suppose that 
the battery power is 𝑃. If 𝑃 is positive then the battery is discharging and if it is 
negative then the battery is charging. If 𝑃 > 0, it means  𝑃𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 = |𝑃| and 
𝑃𝑐ℎ𝑎𝑟𝑔𝑒 = 0. This means that ∆𝑃𝑐ℎ𝑎𝑟𝑔𝑒 = 1 according to (3.13), which provides 
the second input to the top FLC subsystem while the first input value (for 
example X) will be the 𝑆𝑂𝐶. According to the Fuzzy rules, 1 AND X = X. 
Therefore, the top FLC subsystem output (∆𝜔+) is determined by 𝑆𝑂𝐶 during 
discharging mode. Similarly, if 𝑃 < 0, it means 𝑃𝑐ℎ𝑎𝑟𝑔𝑒 = |𝑃| and 𝑃𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 = 0. 
This means ∆𝑃𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 = 1 according to (3.15) that provides the second input to 
the bottom FLC subsystem whereas the 𝑆𝑂𝐶 is the first input value (for example 
Y). By applying the operator AND in the fuzzy rules, 1 AND Y = Y. Hence, ∆ω− 
as the bottom FLC subsystem output is determined by 𝑆𝑂𝐶 during charging 
mode. In view of the above, during charging mode ∆𝜔+ is determined by ∆𝑆𝑂𝐶1 
and ∆𝑃𝑐ℎ𝑎𝑟𝑔𝑒 while ∆ω− is determined by ∆𝑆𝑂𝐶2 only. On the other hand, during 
discharging mode ∆ω− is determined by ∆𝑆𝑂𝐶2 and ∆𝑃𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 while ∆𝜔+ is 
determined by ∆𝑆𝑂𝐶1 only. The change in the frequency occurs automatically 
based on the results from the two FLC subsystems. From the above, the 𝑆𝑂𝐶 is 
plays a bigger role in determining the change in the frequency.  
 
It is important to note that the PV curtailment by the command from the top FLC 
subsystem will not occur if the auxiliary unit is generating power as commanded 
by the bottom FLC subsystem. Hence, there is no clash between the two FLC 
subsystems since each one deals with different ranges in terms of inputs. The 
top FLC subsystem is responsible for protecting the battery from over-charging 
and it will curtail the PV power when the SOC is high or the charging power is 
higher than the maximum limit. The action is to increase the bus frequency. On 
the other hand, the bottom FLC subsystem is responsible for protecting the 
battery from over-discharging and it operates if the SOC is low in order to 
supply power by the auxiliary unit to support the battery. The action is to reduce 
the bus frequency. The change in frequency ∆ω is a combination cause of both 
positive shift  ∆𝜔+ and negative shift ∆𝜔−. Sometimes, neither PV curtailment 
72 
 
nor power supply by the auxiliary unit should be done. However, the battery can 
be in any mode or status. That is the reason for adding the outputs of the top 
and bottom FLC subsystems together, which provides the change in the 
frequency ∆ω. The maximum frequency deviation for the top and bottom FLC 
subsystems (see Figure 3.10) are ∆𝜔𝑚𝑎𝑥+ and ∆𝜔𝑚𝑎𝑥−, respectively. This 
allows the change in the PV power from 0% to 100% in such a way that when 
∆𝜔+ = 0, no PV curtailment occurs, while when ∆𝜔+ = ∆𝜔𝑚𝑎𝑥+, the PV power is 
curtailed to zero. Similarly, when ∆𝜔− = 0,  no power is generated from the 
auxiliary unit, while when ∆𝜔− = ∆𝜔𝑚𝑎𝑥−, the maximum power from the auxiliary 
unit is generated.  
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Figure 3.10: Proposed fuzzy logic controller 
 
The membership functions of the top and bottom FLC are as shown in Figure 
3.11 and Figure 3.12, respectively. The two types that have been used in this 
thesis are the most commonly used membership functions which are triangular 
and trapezoidal due to their simplicity. The membership functions are tuned 
several times during the design stage to assess and improve the performance 
of the supervisory controller in managing the stand-alone microgrid and the 
values in Table 3.2 represent the final ones that give the required performance. 
The two FLC subsystems have different shapes or combinations because they 
should deal with different ranges of values in terms of controlling. The range of 
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SOC in the top FLC subsystem is 55% which represents the difference between 
SOC maximum value 𝑆𝑂𝐶𝑚𝑎𝑥
∗  (95%) and SOC minimum value 𝑆𝑂𝐶𝑚𝑖𝑛
∗  (40%). 
The ∆𝑆𝑂𝐶1 value is normalized by dividing it by 55%. The curtailment of the PV 
power does not start until SOC value is more than 91%. In other words, ∆𝑆𝑂𝐶1 
is considered high for a wide range to ensure that the battery is charged at a 
high rate whenever PV power is available and curtailment only occurs when the 
battery SOC is higher than 91%. This is the reason why the High fuzzy set is 
concentrated between 0 and 0.1 at the x-axis of Figure 3.11(a). Low (L) and 
High (H) sets in Figure 3.11(b) are only at the edges because the set H denotes 
that the charging power ∆𝑃𝑐ℎ𝑎𝑟𝑔𝑒 is much less than the maximum charging 
power 𝑃𝑐ℎ𝑎𝑟𝑔𝑒_𝑚𝑎𝑥
∗ , so curtailment is not necessary. However, the set L denotes 
that ∆𝑃𝑐ℎ𝑎𝑟𝑔𝑒 is close to 𝑃𝑐ℎ𝑎𝑟𝑔𝑒_𝑚𝑎𝑥
∗ , so there is a need to curtail the PV power to 
prevent the battery charging power from exceeding its limit. Therefore, L set is 
at the edge because curtailment is required just when it is very close to the 
maximum charging power and not before that. Otherwise, some PV power will 
be wasted if curtailment occurs at a prior point. In any case, the two inputs for 
the top FLC subsystem work together to provide the required output in terms of 
PV curtailment. On the other hand, the range of SOC in the bottom FLC 
subsystem is 10% which represents the difference between SOC minimum 
value plus 10% (𝑆𝑂𝐶𝑚𝑖𝑛+10%
∗ ) and SOC minimum value (𝑆𝑂𝐶𝑚𝑖𝑛
∗  (40%)). This 
allows the bottom FLC subsystem to work up to 10% more than 𝑆𝑂𝐶𝑚𝑖𝑛
∗ . Hence, 
∆𝑆𝑂𝐶2 is normalized by dividing its value by 10% and therefore the bottom FLC 
subsystem should not work for a value higher than 𝑆𝑂𝐶𝑚𝑖𝑛+10%
∗ . The two inputs 
for the bottom FLC subsystem work simultaneously to provide the required 
output in terms of power from the auxiliary unit.  
 
Both ∆𝑃𝑐ℎ𝑎𝑟𝑔𝑒 and ∆𝑃𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒  are normalized by dividing their values by the 
maximum allowable limit for charging (𝑃𝑐ℎ𝑎𝑟𝑔𝑒_𝑚𝑎𝑥
∗ ) and discharging 
(𝑃𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒_𝑚𝑎𝑥
∗ ), respectively. Both inputs and outputs of both FLC subsystems 
are limited between 0 and 1. The degree of membership (y-axis of the 
membership function) should be always between 0 and 1 for any type of 
membership function while the x-axis of the membership function has no 
limitation as far as it is adjusted with the rest of the system to provide the 
required output. 
74 
 
 
(a)
         (c)                             
0.1 0.2 0.5 0.60.3 0.4 0.7 0.8 0.9 10
1
0.5
0
L M H
0.1 0.2 0.5 0.60.3 0.4 0.7 0.8 0.9 10
1
0.5
0
L  M H
0 0.60.4 0.8 1
1
0.5
0
L M H
 (b)
0.2
∆𝑆𝑂𝐶1 
∆𝑃𝑐ℎ𝑎𝑟𝑔𝑒  
∆𝜔+ 
 
 
Figure 3.11: Membership functions of top FLC: (a) Input ∆𝑆𝑂𝐶1 (b) Input 
∆𝑃𝑐ℎ𝑎𝑟𝑔𝑒 (c) Output ∆𝜔+ 
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Figure 3.12: Membership functions of top FLC: (a) Input ∆𝑆𝑂𝐶2 (b) Input 
∆𝑃𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒  (c) Output  ∆𝜔− 
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The following shows an illustration of how different shape values are defined. It 
is for the two types of membership functions used. The shape values for the 
membership functions that are designed and used in the thesis are as shown in 
Table 3.2.  
 
1- Triangular membership function:  
The degree of a triangular membership function, for example 𝜇𝐴(𝑥), of a 
vector 𝑥 in a fuzzy set, for example 𝐴, is defined as a function of ‘𝑥’ that 
depends on provided parameters 𝑎, 𝑏 and 𝑐, where 𝑎 < 𝑏 < 𝑐. The 
parameters 𝑎  and 𝑐 locate the feet of the triangle while 𝑏 locates the peak as 
follows [104], [106]: 
 
𝜇𝐴(𝑥) =
{
 
 
 
 
𝑥 − 𝑎
𝑏 − 𝑎
          𝑎 ≤ 𝑥 ≤ 𝑏
 
𝑐 − 𝑥
𝑐 − 𝑏
           𝑏 ≤ 𝑥 ≤ 𝑐 
 
0                   𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
 
 
(3.17) 
 
It can also be written as follows: 
 
𝜇𝐴(𝑥) = 𝑚𝑎𝑥 (𝑚𝑖𝑛 (
𝑥 − 𝑎
𝑏 − 𝑎
,
𝑐 − 𝑥
𝑐 − 𝑏
) , 0) (3.18) 
 
In this example, Figure 3.13 shows a triangular membership function with 
𝑎 = 0, 𝑏 = 0.2, 𝑐 = 0.4 at the x-axis. 
 
 
 
Figure 3.13: Triangular membership function 
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2- Trapezoidal membership function:  
The degree of a trapezoidal membership function  𝜇𝐴(𝑥) of a vector 𝑥 in a 
fuzzy set, for example 𝐴, is defined as a function of ‘𝑥’ that depends on 
provided parameters 𝑎, 𝑏, 𝑐 and 𝑑, where 𝑎 < 𝑏 < 𝑐 < 𝑑. The parameters 𝑎 
and 𝑑 locate the feet of the trapezoid while 𝑏 and 𝑐 locate the shoulders as 
follows [104], [106]: 
 
𝜇𝐴(𝑥) =
{
 
 
 
 
 
 
 
 
𝑥 − 𝑎
𝑏 − 𝑎
        𝑎 ≤ 𝑥 ≤ 𝑏      (𝐿𝑒𝑓𝑡 − side trapezoid)
 
1                     𝑏 ≤ 𝑥 ≤ 𝑐                                                      
 
𝑑 − 𝑥
𝑑 − 𝑐
            𝑐 ≤ 𝑥 ≤ 𝑑      (𝑅ight − side trapezoid) 
 
 
0                    𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒                                                     
 
 
 
(3.19) 
 
It can also be written as follows: 
 
𝜇𝐴(𝑥) = 𝑚𝑎𝑥 (𝑚𝑖𝑛 (
𝑥 − 𝑎
𝑏 − 𝑎
, 1,
𝑑 − 𝑥
𝑑 − 𝑐
) , 0) 
(3.20) 
 
In this example, Figure 3.14 shows a trapezoidal membership function with 
𝑎 = 0.2, 𝑏 = 0.4, 𝑐 = 0.6, 𝑑 = 0.8 at the x-axis. 
 
 
 
Figure 3.14: Trapezoidal membership function 
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Table 3.2: Membership functions details 
 
FLC 
subsystem 
Input / 
Output of 
FLC 
Membership 
function 
Type of 
membership 
function 
Shape values 
Top 
∆𝑆𝑂𝐶1 
(1st  input) 
Low  trapezoidal a=0, b=0, c=0.025, 
d=0.05 
Medium triangular a=0.025, b=0.045, 
c=0.065 
High trapezoidal a=0.05, b=0.075, 
c=1, d=1 
∆𝑃𝑐ℎ𝑎𝑟𝑔𝑒 
(2nd input) 
Low  trapezoidal a=-0.02, b=0, c=0.01, 
d=0.02 
Medium triangular a=-0.00661, b=0.5, 
c=1 
High trapezoidal a=0.98, b=0.99, c=1, 
d=1 
∆𝜔+ 
(output) 
Low  triangular a=-0.2, b=0, c=0.2  
Medium triangular a=0.1, b=0.5, c=0.9 
High triangular a=0.8, b=1, c=1.2 
Bottom 
∆𝑆𝑂𝐶2 
(1st  input) 
Low  trapezoidal a=-0.206, b=-0.206, 
c=0, d=0.39  
Medium triangular a=0.271, b=0.5093, 
c=0.777 
High trapezoidal a=0.668, b=1, 
c=1.31, d=1.31 
∆𝑃𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 
(2nd input) 
Low  trapezoidal a=-0.505,   b=-0.505,         
c=-0.00505, d= 0.39 
Medium triangular a=0.298, b=0.477, 
c=0.6468 
High trapezoidal a=0.56, b=1.01, 
c=1.51, d=1.51 
∆𝜔− 
(output) 
Low  triangular a=-0.2, b=0, c=0.2 
Medium triangular a=0.06923, 
b=0.4462, c=0.85 
High triangular a=0.8, b=1, c=1.2 
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Table 3.3 and Table 3.4 show the rules for the FLC top subsystem and bottom 
subsystem, respectively. The terms L, M and H denote Low, Medium and High 
membership functions, respectively. The rules are designed based on 
experience and observations. The number of possible rules is determined by 
knowing the number of inputs and how many linguistic values for each input. 
Therefore, the maximum possible number of the rules of each FLC subsystem 
in this case is 32 = 9 rules since there are 2 FLC inputs and 3 linguistic values 
for each input. The rules are changed along with the changes in the 
membership functions during the design stage to assess the performance of the 
stand-alone microgrid and modifications are carried out as per the requirement. 
The method in [107] and [108] for developing the fuzzy rules from numerical 
data is used in this thesis and can be summarized as follows: 
 
1- Divide the input and output spaces of the given numerical data into fuzzy 
regions or partitions either by using available information from experts or 
by normalization process. Select a type of membership function and 
assign one fuzzy set to each range. Normalization has been used in this 
thesis, so each universe of discourse is divided into three partitions.    
2- Create a set of preliminary possible linguistics fuzzy rules using inputs 
and output along with linguistics operators (AND, OR, NOT). This set 
should cover the different possibilities. 
3- Provide an importance degree to each preliminary rule in the developed 
set. All the preliminary rules with the same antecedent (IF-part of the 
rule) are grouped together irrespective of the consequent part of the 
rules (THEN-part), which can lead to conflicts between the rules. To 
resolve such conflicts, the rule with the maximum degree is selected 
among the conflicting rules making final rules in the group and the other 
conflicting rules are deleted.  
4- Generate final Rule Base similar to the ones in Table 3.3 and Table 3.4 
using the final rules obtained from point 3 above.    
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Table 3.3: Rules of top FLC 
 
∆𝜔+ ∆𝑃𝑐ℎ𝑎𝑟𝑔𝑒 
L M H 
 
∆𝑆𝑂𝐶1 
L H H L 
M M M M 
H H L L 
 
 
Table 3.4: Rules of bottom FLC 
 
∆𝜔− ∆𝑃𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 
L M H 
 
∆𝑆𝑂𝐶2 
L H H H 
M H M M 
H H M L 
 
Illustrations with sample results of how the membership functions are used as 
part of the overall fuzzy logic control process is shown in Figure 3.15 and Figure 
3.16. For Figure 3.15, the 𝑆𝑂𝐶 value is 95%. It needs to be subtracted from 
𝑆𝑂𝐶𝑚𝑎𝑥
∗  which is 95% in this case. Hence, ∆𝑆𝑂𝐶1 = 0 before normalization. It is 
then normalized by dividing it by 55 (difference between 𝑆𝑂𝐶𝑚𝑎𝑥
∗  and 𝑆𝑂𝐶𝑚𝑖𝑛
∗ ) 
which gives 0. Therefore, Input-∆𝑆𝑂𝐶1 = 0 which is a crisp value used as input 1 
to the top FLC. For this crisp input value, the degree of the membership in the 
Low set (fuzzy input) is 1 while the degree of the membership in the Medium 
and High sets (fuzzy inputs) is 0 since 0 does not belong to the Medium and 
High sets. Similarly, the 𝑃𝑐ℎ𝑎𝑟𝑔𝑒 is 100W. It needs to be subtracted from 
𝑃𝑐ℎ𝑎𝑟𝑔𝑒_𝑚𝑎𝑥
∗  which is 1000W in this case. Therefore, ∆𝑃𝑐ℎ𝑎𝑟𝑔𝑒 = 900W before 
normalization. It is then normalized by dividing it by 𝑃𝑐ℎ𝑎𝑟𝑔𝑒_𝑚𝑎𝑥
∗  (1000W) which 
gives 0.9. Hence, Input-∆𝑃𝑐ℎ𝑎𝑟𝑔𝑒 = 0.9 which is a crisp value used as input 2 to 
the top FLC. For this crisp input value, the degree of the membership in the 
Medium set (fuzzy input) is 0.25 while the degree of the membership in the Low 
and High sets (fuzzy inputs) is 0 since 0.25 does not belong to the Low and 
High sets. Now by referring to Table 3.3, rule 2 is read as follows; “IF ∆𝑆𝑂𝐶1 is 
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Low AND ∆𝑃𝑐ℎ𝑎𝑟𝑔𝑒 is Medium, THEN ∆𝜔+ is High”. From rule 2, the degree of 
the membership for the first input ∆𝑆𝑂𝐶1 in Low is 1 and the second input 
∆𝑃𝑐ℎ𝑎𝑟𝑔𝑒 in Medium is 0.25. Therefore, the result of applying the operator (AND) 
in rule 2 gives 1 AND 0.25 where AND gives the lowest value. Hence, the 
lowest value (0.25) is taken for applying on the set High in output ∆𝜔+ in the 
next step. Therefore, when it is applied on the set High of Figure 3.15(c), the set 
is attenuated by 0.25 and it is used as an output for changing the frequency ∆𝜔 
in a positive shift ∆𝜔+ to curtail the PV power. 
 
Similarly in Figure 3.16, the 𝑆𝑂𝐶 value is 42%. The value should be subtracted 
from 𝑆𝑂𝐶𝑚𝑖𝑛
∗  which is 40% in this case. Hence, ∆𝑆𝑂𝐶2 = 2 before normalization. 
After that, it is normalized by dividing it by 10 which is the difference between 
SOC minimum value plus 10% (𝑆𝑂𝐶𝑚𝑖𝑛+10%
∗ ) and SOC minimum value (𝑆𝑂𝐶𝑚𝑖𝑛
∗ ). 
The answer is 0.2 and hence input-∆𝑆𝑂𝐶2 = 0.2 which is used as input 1 to the 
bottom FLC. For this crisp input value, the degree of the membership in the Low 
set (fuzzy input) is 0.48 while the degree of the membership in the Medium and 
High sets (fuzzy inputs) is 0 since 0.2 does not cross the Medium and High 
sets. In the same way, the 𝑃𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 is 720W. When it is subtracted from 
𝑃𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒_𝑚𝑎𝑥
∗  which is 1000W in this case, ∆𝑃𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 = 280W before 
normalization. It is then normalized by dividing it by 𝑃𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒_𝑚𝑎𝑥
∗  (1000W). 
Therefore, Input-∆𝑃𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 = 0.28 which is a crisp value used as input 2 to the 
bottom FLC. For this value, the degree of the membership in the Low set (fuzzy 
input) is 0.28 while the degree of the membership in the Medium and High sets 
(fuzzy inputs) is 0 since 0.28 does not belong to the Medium and High sets. 
From Table 3.4, rule 1 is read as follows; “IF ∆𝑆𝑂𝐶2 is Low AND ∆𝑃𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 is 
Low, THEN ∆𝜔− is High”. From rule 1, the degree of the membership for the 
first input ∆𝑆𝑂𝐶2 in Low is 0.48 and second input ∆𝑃𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 in Low is 0.28. 
Therefore, the result of applying the operator (AND) in rule 1 gives 0.48 AND 
0.28. Hence, 0.28 is taken for applying on the set High in output ∆𝜔− in the next 
step since it is the lowest value amongst the two values. Consequently, when it 
is applied on the set High of Figure 3.16(c), the set is attenuated by 0.28 and it 
is used as an output for changing the frequency ∆𝜔 in a negative shift ∆𝜔− to 
cause the auxiliary unit to supplement power. 
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         (c)                             
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1
0.5
0
L M H
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1
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0
L M H
 (b)
0.9
1
0.25
0.25
RULE2: IF ΔSOC is Low AND ΔPcharge is Medium, THEN Δω+ is High
∆𝑆𝑂𝐶1 
∆𝑃𝑐ℎ𝑎𝑟𝑔𝑒  
∆𝜔+ 
 
 
Figure 3.15: Example for top FLC membership functions: (a) Input-∆𝑆𝑂𝐶1        
(b) Input-∆𝑃𝑐ℎ𝑎𝑟𝑔𝑒 (c) Output-∆𝜔+ 
 
(a)
         (c)                             
 (b)
0.1 0.2 0.5 0.60.3 0.4 0.7 0.8 0.9 10
1
0.5
0
L M H
0.1 0.2 0.5 0.60.3 0.4 0.7 0.8 0.9 10
1
0.5
0
L M H
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1
0.5
0
L M H
RULE1: IF ΔSOC is Low AND ΔPdischarge is Low, THEN Δω- is High
0.2
0.48
0.28
0.28
0.28
∆𝑆𝑂𝐶2  
∆𝑃𝑑𝑖𝑠𝑐 ℎ𝑎𝑟𝑔𝑒  
∆𝜔− 
 
 
Figure 3.16: Example for bottom FLC membership functions: (a) Input-∆𝑆𝑂𝐶2  
(b) Input-∆𝑃𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒  (c) Output-∆𝜔− 
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The two FLC subsystems work simultaneously and ∆𝜔 is given by (3.16) where 
the top FLC subsystem is responsible for protection from over-charging while 
the bottom FLC subsystem is responsible for protection from over-discharging. 
In other words, the change in frequency ∆𝜔 will be a combination of a positive 
shifting  ∆𝜔+ and a negative shifting ∆𝜔− together. 
 
3.5 Matlab/Simulink Simulation 
3.5.1 Simulation Model 
A 3-phase AC microgrid that consists of three power generation units (i.e., solar 
PV, battery and auxiliary), loads and proposed controllers has been built in 
Matlab/Simulink with SimPowerSystem and Fuzzy Logic tool boxes. The system 
in Figure 3.4  is modelled and simplified as follows: 
 
1- The PV, MPPT controller and the DC/DC converter have been modelled 
as an ideal current source.  
2- The 3-phase converter with the LC filter has been modelled as an 
average model ideal converter which is a block provided by 
Matlab/Simulink. 
 
Figure 3.17 shows block diagrams of the generation units, loads and their 
relevant circuit breakers. The PV, battery and auxiliary units’ models are as 
shown in Figure 3.18, Figure 3.19 and Figure 3.20, respectively.   
 
The PV unit is modelled as a controlled current source as shown in Figure 3.18. 
The reference power for the current source decides how much power is 
required to be generated by the PV (the controlled current source). The 
reference power represents the available power from the PV unit. The MPPT 
controller measures the bus frequency using a Phase Looked Loop (PLL) (see 
Figure 3.4). If the bus frequency is shifted up, this acts as a message to the 
MPPT controller that the PV power needs to be curtailed and it shifts the 
maximum power point to a lower value by increasing the PV output voltage as 
illustrated in Figure 3.8. A generic battery block used in the battery’s model that 
is simplified as shown in Figure 3.19 where Lead-Acid type is selected. The 
battery is required to be a voltage source and the droop coefficient of the 
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battery unit 𝑚 is set to zero. The auxiliary unit is modelled as a DC voltage 
source as it represents a rectified voltage from the micro gas turbine with 750V 
amplitude as shown in Figure 3.20. 
 
The Universal Bridge block which is shown in Figure 3.18, Figure 3.19 and 
Figure 3.20 implements a universal three-phase power converter that consists 
of six power switches connected in a bridge configuration. An averaged-model 
based voltage source converter (VSC) has been used for modelling the DC/AC 
inverters to represent the power-electronic switches. Parallel to the VSC, there 
is a capacitor (𝐶𝑑𝑐) that represents the DC-link. The DC-link controller will 
control the DC-link voltage by injecting more or less power into the microgrid. It 
uses the reference signals that represents the average voltages generated at 
the ABC terminals of the bridge. The reference value of the output voltage (𝑉𝑜
∗) 
is used to generate the duty cycle for the inverter. The inverters control the 
voltage of the DC-link. The ABC terminals of the bridge are connected to 3-
phase series RL branch which represents the output impedance of the DC/AC 
inverter. The output from the PV and auxiliary (𝜇GT) units are connected to 
individual breaker in order to connect or isolate them from the common bus as 
shown in Figure 3.17.  
 
Figure 3.21 shows the droop control of the PV unit which is given by (3.8) while 
Figure 3.22 shows the battery droop control block with ∆𝜔 as given by (3.7). 
The auxiliary unit droop control block is shown in Figure 3.23 based on (3.10). 
The power set point 𝑃∗ of the auxiliary unit is set to zero in order to supplement 
power in response to variation in the bus frequency. Instantaneous active and 
reactive powers used by the droop controllers are measured using the 3-phase 
voltage 𝑉𝑎𝑏𝑐 and current 𝐼𝑎𝑏𝑐 and filtered using a Low Pass Filter (LPF) as 
shown in Figure 3.17. The power calculations block for all the power units is the 
same as shown in Figure 3.24 based on the power calculation method used in 
[109] where a product of the output voltage and current of the inverters along 
with LPF are used. Detailed Matlab/Simulink files are shown in Appendix. The 
system parameters used in the simulation are shown in Table 3.5.  
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Table 3.5: System parameters 
 
Parameter Symbol Value 
Maximum state of charge 𝑆𝑂𝐶𝑚𝑎𝑥
∗  95% 
Minimum state of charge 𝑆𝑂𝐶𝑚𝑖𝑛
∗  40%  
Minimum state of charge plus 10% 𝑆𝑂𝐶𝑚𝑖𝑛+10%
∗  50% 
Maximum charging power 𝑃𝐶ℎ𝑎𝑟𝑔𝑒_𝑚𝑎𝑥
∗  1000W 
Maximum discharging power 𝑃𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒_𝑚𝑎𝑥
∗  1000W 
Nominal bus frequency 𝜔𝑜 = 2𝜋𝑓𝑜 2𝜋(50)=314rad/s 
Nominal bus voltage 𝑉𝑜 220V 
Battery nominal voltage 𝑉𝐷𝐶
∗  750V 
PV DC voltage P-controller gain 𝑘𝑝−𝑑𝑐 20 
PV DC voltage I-controller gain 𝑘𝑖−𝑑𝑐 60 
DC-link capacitor 𝐶𝑑𝑐 1200𝜇F 
Active power droop coefficients for 
PV and auxiliary units 
𝑚𝑃𝑉, 𝑚𝑎𝑢𝑥 0.9e-4 rad/s/W 
Active power droop coefficients for 
battery unit 
𝑚𝑏𝑎𝑡 0 
Reactive power droop coefficients 𝑛 0.9e-4 V/Var 
PV current P-controller gain 𝑘𝑝_𝑝𝑣𝑐 0.003 
PV current I-controller gain 𝑘𝑖_𝑝𝑣𝑐 0.01 
PV voltage P-controller gain 𝑘𝑝_𝑝𝑣𝑣 10 
PV voltage I-controller gain 𝑘𝑖_𝑝𝑣𝑣 250 
Frequency - gain 𝑃𝐼𝜔 30000 
VSC-output resistance 𝑅 0.08Ω 
VSC-output inductance 𝐿 1mH 
Voltage amplitude of micro gas 
turbine 
𝑉𝑎𝑢𝑥 750V 
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Figure 3.17: Block diagrams model of the microgrid 
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Figure 3.18: PV unit model 
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Figure 3.19: Battery unit model 
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Figure 3.20: Auxiliary unit model 
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Figure 3.21: PV droop control 
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Figure 3.22: Battery droop control 
90 
 
P              Q
𝑉𝑜  
𝑖𝑜  
D
ro
op
 C
on
tr
o
lle
r
Eq
u
at
io
n 
(3
.1
0
)

Power 
Calculations
0                  0
-                -

-            -
𝜔𝑜                                          𝑉𝑜  
𝑛𝑎𝑢𝑥  
 2   
𝑚𝑎𝑢𝑥  
𝑽𝒔𝒊𝒏(𝝎𝒕) 
 
 
Figure 3.23: Auxiliary unit droop control 
 
 
 
Figure 3.24: Power calculations block for power units 
 
3.5.2 Simulation Results 
Figure 3.25 shows the power output of the PV, battery and auxiliary units along 
with the load power. The initial value of the SOC is approaching the maximum 
limit of 95%. Before t=3s, the FLC is deactivated. The available power from the 
PV is 1000W and the load is 500W. Therefore, the battery is charging at 500W 
rate. If the battery is kept charging at this rate, the SOC will exceed the 95% as 
can be noticed from the slope of the SOC between t=2.5s and t=3s.  The 
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auxiliary unit is not running due to the high SOC. At t = 3s, the FLC is activated 
and the AC bus frequency starts to increase. The Local controller of the PV unit 
curtails the power to 500W and consequently the SOC stops increasing. At t = 
5s, the load changes suddenly from 500W to 1000W and the generation from 
the PV unit is increased proportional to the reduction in the frequency 
commanded by the FLC until the PV has restored its full generation. The SOC 
is prevented from increasing beyond the maximum limit by curtailing the PV 
power. However, when the load increases, the curtailment stops in order to 
make use of full PV power.  
 
Figure 3.26 shows the power output of the PV, battery and auxiliary units and 
load where the initial value of the SOC is approaching its minimum limit of 40%. 
The FLC is deactivated before t = 3s. The battery is discharging and providing 
600W power since the load is 1600W while the PV power is only 1000W. 
Hence, the SOC is declining (under-charging). The auxiliary unit is not providing 
any power. However, at t = 3s, the FLC is activated and the bus frequency 
starts to decrease, so the auxiliary unit reacts by generating 600W. The 
generated power is proportional to the frequency drop. The SOC has stopped 
declining; hence that battery is protected from under-charging. At t = 5s, the 
load changes suddenly from 1600W to 100W. Therefore, the available 
generation to be absorbed by the battery is now 1500W which exceeds the 
maximum charging power of 1000W. Thanks to the FLC, the auxiliary unit 
stopped generating and the PV power supplied the load and charged the 
battery by the surplus power to heal the low SOC. As a result of that, the 
charging power was limited to 900W instead of 1500W (if the auxiliary unit had 
been left to generate). The bus frequency was increased according to the FLC 
command in order to stop the auxiliary unit from supplying power. The SOC 
started to increase by using the available surplus power.  
 
From the results, it is very clear that the FLC provides suitable power 
management to the generation units regardless of the changes in the PV and 
load powers. Consequently, the battery’s SOC and power are prevented from 
exceeding their limits. During transient, however, the battery power exceeded 
the 1000W limit, but only for a very short period of time of 1 second. This will be 
eliminated later on in the coming simulations by tuning and optimizing the 
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membership functions of the FLC (refer to Chapter 4). The developed model 
has achieved the required objectives, but it produces errors when running for a 
long period of time. This might be due to the fact that it requires a high memory 
for storing data while running for a long period. Therefore, there is a need to 
simplify it to be able to use the designed fuzzy logic controller for longer periods 
rather than short ones only. This helps in testing the controller with large 
fluctuations of both generations and loads. The new simplified model will be 
discussed in Chapter 4. 
 
(c)
(b)
(a)
2.5 3 3.5 4 4.5 5 5.5 6 6.5 7 7.5 8
-1500
-1000
-500
0
500
1000
1500
Time (s)
A
c
ti
v
e
 P
o
w
e
r 
(W
)
FLC is activated at t = 3s
Battery
PV
Load
Auxiliary Unit
2.5 3 3.5 4 4.5 5 5.5 6 6.5 7 7.5 8
49.97
49.98
49.99
50
50.01
50.02
50.03
Time (s)
F
re
q
u
e
n
c
y
 (
H
z
)
2.5 3 3.5 4 4.5 5 5.5 6 6.5 7 7.5 8
94.996
94.998
95
95.002
95.004
Time (s)
S
O
C
 (
%
)
 
 
Figure 3.25: Output response for 95% SOC case: (a) output power                  
(b) frequency (c) SOC 
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Figure 3.26: Output response for 40% SOC case: (a) output power                   
(b) Frequency (c) SOC 
 
3.6 Summary  
This chapter has examined the power management of a stand-alone AC 
microgrid that consists of a RES, ESS, auxiliary unit and loads. The chapter 
proposed a droop control for each power unit and a Fuzzy Logic Controller was 
proposed as the supervisory controller for the microgrid for overall control of 
power from generations to loads. The chapter has given an overview of a typical 
AC inverter based microgrid and the method of operation in stand-alone and 
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grid-connected modes. It presented the control strategies by providing the two 
possible options for controlling the two-stage converters and provided details 
about the droop control strategies for the ESS and RES where the battery unit 
was the master controller for the AC bus frequency. The proposed floating 
auxiliary unit (micro gas turbine (𝜇GT)) on the common bus was introduced and 
its droop control strategy is provided.  
 
By varying the AC bus frequency which was used by the local droop controllers, 
a supervisory controller based on fuzzy logic was proposed and implemented 
for energy management without the need for any communication links between 
the microgrid units. The supervisory controller was designed to decide whether 
to curtail the power generated by the PV or to supplement power from the 
auxiliary unit. The chapter covered a Matlab/Simulink simulation model and 
provides some results. It is concluded that the proposed FLC managed to 
maintain the SOC and the charging/discharging power of the battery within their 
design limits irrespective of changes in generation from the RES or changes in 
the load.  
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CHAPTER 4: SIMULATION RESULTS & DISCUSSION OF 
A SIMPLIFIED MICROGRID MODEL 
 
4.1 Introduction  
This chapter presents the simulation results of a simplified microgrid model. 
This model has been developed to speed up the simulation time in order to 
assess the performance of the Fuzzy Logic Controller (FLC) especially over 
long periods of time and to avoid any difficulties that may arise when running 
the model presented in Chapter 3 as was discussed in section 3.5.2. Two types 
of simulation models have been considered: 
 
1- Matlab/Simulink simulation (short-term simulation) 
2- Real-time simulation by RT-LAB with Matlab/Simulink (long-term 
simulation) 
 
A short-term simulation has been carried out to compare the FLC performance 
against a proportional controller. Due to the fact that the PV power fluctuates 
and the load changes, the need of a potent power controller is crucial to 
manage the PV, battery and auxiliary units. The amount of power required to 
supply the load or to charge the battery is not fixed and it keeps changing to 
achieve the AC bus balance. Hence, a proportional change between the 
frequency and power is required as fast as possible. Therefore, a proportional 
(P) controller is more suitable for dealing with such frequent changes, with no 
fixed set point, in comparison to an integral (I) or a proportional-integral (PI) 
controller. The integral component slows the controller’s response. A 
proportional-integral-derivative (PID) controller can generally enhance the 
dynamic transient responses in terms of damping the overshoots. However, the 
supervisory controller is slow and targeting the steady state response more. 
Therefore, the proportional controller is selected for the comparison with the 
FLC. The real-time simulation is conducted both with and without the FLC. The 
two simulations are required to assess the performance and robustness of the 
designed FLC in preventing the battery SOC and charging/discharging power 
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from exceeding their limits regardless of the variations in load and intermittent 
power of renewable sources. 
 
The results of the real-time simulation show that the proposed FLC provides a 
suitable control of the microgrid in full compliance with the designed limits of the 
SOC and charging/discharging power of the battery.  
 
4.2 Simplified Model   
The model presented in Chapter 3 section 3.5.1 was based on ideal voltage and 
current sources and it included all the required control loops. The model 
considered in this section only considers the droop control level and the battery 
model. The PV unit will produce maximum possible power according to its 
MPPT as long as the bus frequency 𝜔 equals or is less than the nominal 
frequency 𝜔𝑜. However, if the bus frequency is increased above the nominal 
frequency, then the power is curtailed as was explained in section 3.3.2. 
Therefore, the PV power, 𝑃𝑃𝑉 is given by 
 
𝑃𝑃𝑉 = 𝑃𝑃𝑉_𝑀𝑃𝑃𝑇 (1 −
∆𝜔
∆𝜔𝑚𝑎𝑥+
) , 0 ≤ ∆𝜔 ≤ ∆𝜔𝑚𝑎𝑥+ 
(4.1) 
 
 
where 𝑃𝑃𝑉_𝑀𝑃𝑃𝑇 is the maximum power tracking point of the PV power. ∆𝜔 and 
∆𝜔𝑚𝑎𝑥+ are the bus frequency deviation/variation and its maximum positive 
deviation value, respectively. 
 
The auxiliary unit will only produce power if the bus frequency drops below the 
nominal frequency. Therefore, the power from the auxiliary unit 𝑃𝑎𝑢𝑥 is given by 
 
𝑃𝑎𝑢𝑥 =
∆𝜔
𝑚𝑎𝑢𝑥
, ∆𝜔𝑚𝑎𝑥− ≤ ∆𝜔 < 0 
(4.2) 
 
 
For the standalone microgrid where the battery is the AC bus former, the power 
of the battery 𝑃𝑏𝑎𝑡 is given by 
 
𝑃𝑏𝑎𝑡 = 𝑃𝑃𝑉 + 𝑃𝑎𝑢𝑥 − 𝑃𝑙𝑜𝑎𝑑 (4.3) 
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Equations (4.1) to (4.3) represent the simplified model which is shown in Figure 
4.1. The FLC takes 𝑆𝑂𝐶 and 𝑃𝑏𝑎𝑡 as the inputs and determines the required 
shift in the bus frequency as the output. 
 
The method in [71] is used for the SOC calculation which is based on the 
coulomb counting principle as shown in Figure 4.2. 𝐶𝑏𝑎𝑡 is the battery capacity 
in amp hour (Ah) while 𝑉𝑏𝑎𝑡 is the battery voltage. Because there are 3600 
seconds in an hour, one Ah equals 3600 coulombs and that is reason for using 
this value. 𝑆𝑂𝐶𝑖𝑛𝑖𝑡𝑖𝑎𝑙 is the initial 𝑆𝑂𝐶 value. The whole SOC calculation block is 
just like a low pass filter where “s” is the Laplace operator. This low pass filter 
(LPF) with a small time constant is simply required because the change in the 
SOC is slow while the current is changing quickly. Hence, the LPF will slow the 
battery’s current to make it suitable and in line with the slow response of the 
SOC.      
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Figure 4.1: Simplified model 
 
 
 
 
Figure 4.2: SOC calculation  
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In order to assess the performance of the FLC against that of a conventional 
proportional controller, a proportional controller is designed and proposed for 
comparison with the FLC. The proposed controller is shown in Figure 4.3 where 
𝑃1, 𝑃2, 𝑃3 and 𝑃4 are the proportional controller’s gains. The simplified model with 
the proportional controller is shown in Figure 4.4.   
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Figure 4.3: Proposed proportional controller  
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Figure 4.4: Simplified model with proportional controller  
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4.3 Short-term Matlab/Simulink Simulation Results  
The purpose of this simulation is to assess the performance of the FLC in 
keeping the battery power and SOC within their limits. To test the FLC’s 
performance, its performance is compared with the performance of the 
conventional proportional controller where quick step changes in the load profile 
are applied for various scenarios with different values of maximum PV power 
and SOC. The available PV power used in the simulation represents the 
maximum power. The aim is to design the proportional controller and then 
through simulations prove that the performance of the FLC is superior to that of 
the proportional controller in achieving the required results within the given 
constraints.  
 
Simulation case 1 and 2 are carried out as part of the design of the proportional 
controller. To test the FLC controller at different input values and to make the 
designed controller working universally rather than limited to a particular value 
only, the minimum SOC limit 𝑆𝑂𝐶𝑚𝑖𝑛
∗  is used as 30% in short-term simulation 
instead of 40%. However, this does not affect the results’ dynamics in terms of 
the behaviour or decision of the FLC. The minimum SOC limit is a controller 
input parameter that can be changed by the user. The controller’s performance 
should show that the SOC can be limited to this new value. The system 
parameters used in the simulation are shown in Table 4.1. The simulation 
results of different cases with the FLC and proportional controller are presented 
below. 
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Table 4.1: Simulated System parameters 
 
Parameter Symbol Value 
Maximum state of charge 𝑆𝑂𝐶𝑚𝑎𝑥
∗  95% 
Minimum state of charge 𝑆𝑂𝐶𝑚𝑖𝑛
∗  30% in short-term 
simulation  
(40% in long-term 
simulation)  
Minimum state of charge plus 10% 𝑆𝑂𝐶𝑚𝑖𝑛+10%
∗  40% in short simulation  
(50% in long simulation)  
Maximum charging power 𝑃𝐶ℎ𝑎𝑟𝑔𝑒_𝑚𝑎𝑥
∗  1000 W 
Maximum discharging power 𝑃𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒_𝑚𝑎𝑥
∗  1000 W 
Nominal bus frequency 𝜔𝑜 = 2𝜋𝑓𝑜 2𝜋(50)=314.16 rad/s 
Maximum positive frequency 
deviation 
∆𝜔𝑚𝑎𝑥+ 0.5 Hz 
Maximum negative frequency 
deviation 
∆𝜔𝑚𝑎𝑥− -0.5 Hz 
Proportional controller gains 𝑃1, 𝑃2, 𝑃3, 𝑃4 10 
Battery capacity 𝐶𝑏𝑎𝑡 100Ah 
Battery voltage 𝑉𝑏𝑎𝑡 120V 
Active power droop coefficients 𝑚𝑃𝑉, 𝑚𝑎𝑢𝑥 0.75e-4 rad/s/W 
Reactive power droop coefficients n 0.75e-4 V/Var 
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Case1: 1500W PV power & 50% SOC: 
Figure 4.5 shows the power output of the PV, battery and auxiliary units along 
with the load, SOC and frequency with an initial value of the battery SOC equals 
to 50%. The FLC is deactivated before t=2s and the available PV power (dotted 
line of Ppv) and the load are 1500W and 1700W, respectively. Therefore, the 
battery is in discharging mode and provides 200W power (Pbat). The auxiliary 
unit is not providing any power (Paux = 0). At t=2s, the FLC is activated and 
there is no requirement for any change, so everything remains the same. From 
t=3s to t=5s, responses are almost the same without changes although there 
are several drops in the load from 1700W at t=3s to 1000W at t=4. The battery 
is still in charging mode during this period, but the amount of charging power 
increases with the reduction in the load. At t=5s, the charging power reaches 
the maximum allowable value (i.e. 1000W). Hence, the PV power generation is 
curtailed in steps until it reaches around 980W (solid line of Ppv) at t=8s since 
the load becomes zero at this time. The SOC increases with the time during the 
second half of the simulation period. Discharging power is maintained below the 
maximum limit. Frequency is altered and maintained within its limits as per the 
FLC command.  
 
Similar responses are obtained when using the proportional controller as can be 
seen from Figure 4.6 which is activated at t=2s. This scenario/case is used for 
designing the proportional controller and it shows that the proportional controller 
provides similar responses like the FLC.  
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Figure 4.5: Output responses for 1500W PV power & 50% SOC - FLC case  
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Figure 4.6: Output responses for 1500W PV power & 50% SOC - proportional 
controller  
 
Case2: 500W PV power & 30% SOC case: 
Another design case for the proportional controller is this one where the 
proportional controller provides similar responses like the FLC. The simulation 
result is shown in Figure 4.7 for the FLC and Figure 4.8 for the proportional 
controller where similar responses are obtained with an available PV power 
equals to 500W and an initial SOC value of 30%. Before the activation of the 
FLC or proportional controller, the maximum discharging power limit is 
exceeded since the load is much higher than the PV generation and the 
remaining power is supplied by the battery. The auxiliary unit is not used. Once 
the FLC (Figure 4.7) or proportional controller (Figure 4.8) is activated at t=2s, 
the auxiliary unit is used immediately since the PV power is less than the load 
0 1 2 3 4 5 6 7 8 9 10
500
1000
1500
P
p
v
 (
W
)
0 1 2 3 4 5 6 7 8 9 10
0
1000
2000
L
o
a
d
 (
W
)
0 1 2 3 4 5 6 7 8 9 10
-1000
0
1000
P
b
a
t 
(W
)
0 1 2 3 4 5 6 7 8 9 10
-1000
0
1000
P
a
u
x
 (
W
)
0 1 2 3 4 5 6 7 8 9 10
49.9999
50
50.0001
S
O
C
 (
%
)
0 1 2 3 4 5 6 7 8 9 10
50
50.2
50.4
Time (s)
F
re
q
 (
H
z
)
Used Ppv
Available Ppv
P controller is activated at 2s
104 
 
and the SOC is very low. The SOC is stopped from declining, kept constant and 
hence protected from under-charging before it starts increasing until the end of 
the simulation. The SOC in the case of the FLC is increasing at a higher rate 
compared to the case with the proportional controller. Again the frequency is 
changing as per the FLC or proportional controller command, but the PV power 
is not curtailed this time since the SOC value is very low and the available PV 
power is not high in comparison to the load.  
 
 
 
Figure 4.7: Output responses for 500W PV power & 30% SOC - FLC case  
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Figure 4.8: Output responses for 500W PV power & 30% SOC - proportional 
controller 
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immediately after the controller activation at t=2s, which causes the maximum 
discharging power to exceed its maximum limit between t=2s and t=4s. There is 
no power from the auxiliary unit. It is very clear from this case that the 
performance of the FLC is better than that of the proportional controller. 
 
 
 
Figure 4.9: Output responses for 1500W PV power & 95% SOC - FLC case  
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Figure 4.10: Output responses for 1500W PV power & 95% SOC - proportional 
controller 
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with the proportional controller. The frequency is changed as per the FLC or 
proportional controller command and maintained within the limits. 
 
 
 
Figure 4.11: Output responses for 2000W PV power & 30% SOC - FLC case  
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Figure 4.12: Output responses for 2000W PV power & 30% SOC - proportional 
controller 
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within their limits. Results with the proportional controller are shown in Figure 
4.14. The PV power is curtailed immediately after the activation of the 
proportional controller in comparison to the PV curtailment at t=8s for the FLC 
case as shown in Figure 4.13. Therefore, more power is taken from the battery 
rather than utilizing the available PV power. This causes the discharging power 
to exceed its maximum limit. The auxiliary unit is not providing any power. So, 
from this case, it is again very clear that the performance of the FLC is better 
than the proportional controller. 
 
 
 
Figure 4.13: Output responses for 100W PV power & 95% SOC - FLC case  
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Figure 4.14: Output responses for 100W PV power & 95% SOC - proportional 
controller  
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4.4 Real-Time Simulation Results  
A real-time simulation allows a particular designed system to run with the same 
rate or speed of the physical system. The rationale behind using a real-time 
simulation is mainly speed as well as being able to supply real input data in a 
real-time. Nowadays, a real-time simulator can be used to emulate the actual 
performance of a system or controller. Hence, the system or controller can be 
modelled either completely by a real-time simulator without hardware or partially 
(where some parts of the system can be built in hardware). This does avoid the 
need for building the whole actual system at full capacity [110], [111]. The OPAL 
real-time simulator, which is used in the work of this thesis, does have high 
speed and powerful CPU with a larger memory which are great advantages in 
comparison with normal simulation using standard computers. This will 
decrease the time required for the simulation. 
      
The simplified model shown in Figure 4.1, including the three power units with 
the load and the proposed controllers, has been developed and built in 
Matlab/Simulink, but this time using the OPAL RT-LAB (real-time simulator) to 
assess the performance of the proposed FLC in the real-time environment and 
for a long period of time. The SOC calculation is as shown in Figure 4.2. The 
minimum SOC limit 𝑆𝑂𝐶𝑚𝑖𝑛
∗  for this simulation type is 40% which is the base 
case. However, this can be changed to any other value as decided by the user. 
The rest of the system parameters are the same as those shown in Table 4.1. 
The real-time simulation (long-term simulation) does not require the comparison 
with the proportional controller since the first type of the simulation concludes 
that the FLC is superior in in achieving the required results within the given 
constraints compared to the proportional controller.  
 
Solar radiation is recorded on the roof of the Environment and Sustainability 
Institute (ESI) in Penryn Campus at Penryn, UK. Figure 4.15 shows 12 hours of 
actual solar radiation data recorded on 25th October 2015 from 07:00 a.m. to 
07:00 p.m. which is used for each case of the real-time simulations. However, 
the simulation assumes a larger PV area since the available solar PV panels 
that are installed as part of the microgrid have a total capacity of 1034W (3 x 
345W of X21 Sunpower panels) only as will be seen in Chapter 5. The following 
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simulation cases have been conducted to demonstrate the performance of the 
FLC. 
 
 
 
Figure 4.15: Actual solar radiation 
 
Case 1: High SOC: 
In this case, the battery has a high SOC value of 95%. The power output of the 
PV, battery and auxiliary units along with the load power are shown in Figure 
4.16(a). The load demand profile is lower than the available PV power and 
therefore, there will be a surplus PV power that might exceed the battery 
charging requirement. The FLC is not activated in this case to observe the 
response of the system without the FLC. Because no PV power curtailment 
occurs (i.e. the available and used PV powers are the same) and the load 
power is quite low, the battery has to absorb most of the PV power which is 
shown by the negative sign of the battery power (charging mode). This caused 
the battery to over-charge and the SOC to increase beyond the limit of 95% as 
shown in Figure 4.16(b). In addition, the maximum charging power limit (i.e. 
1000W) is exceeded several times due to continuous utilization of full PV 
power. Figure 4.16(c) shows a constant bus frequency as the FLC is disabled.  
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Figure 4.16: Output response for 94.9% SOC case without FLC: (a) power      
(b) SOC (c) frequency 
 
Figure 4.17 shows the simulation results of the same case, but the FLC is 
activated. The expectation is that the PV power should be used to supply the 
load and any excess power will be curtailed. Initially, there is no power 
generated by the PV since the solar radiation is almost zero during the first 
30min. The load is fully supplied by the battery (starting from 200W) and the 
auxiliary unit is not supplying any power as the battery SOC is high. After the 
PV starts generating more power, the contribution from the battery is reduced. 
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At t=1h, the PV generation is almost following the load’s profile and the extra 
power is curtailed.  
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Figure 4.17: Output response for 94.9% SOC case with FLC: (a) power           
(b) SOC (c) frequency 
 
Most of the time, the used PV is a little bit higher than the load as shown in 
Figure 4.17(a) and the battery is not really used much as per the FLC command 
since the priority is given for full utilization of the PV power and the SOC is high. 
However, whenever there is a need for extra power to meet the load, the battery 
is supplying that extra power and this can be easily observed from t=9.5h 
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onwards. The auxiliary unit is not used at all throughout the simulation in this 
case since the PV and the SOC of the battery are sufficient to cope with the 
load. The charging/discharging power is maintained within its limit. Figure 
4.17(b) shows that the SOC remains almost constant and it is prevented from 
exceeding its maximum limit. If the battery had been charged with the surplus 
available PV power and the FLC didn’t give the command for the PV curtailment 
whenever required, the SOC would definitely exceed the 95% (maximum limit) 
and the maximum charging power of the battery would be exceeded as well. 
Figure 4.17(c) shows the frequency curve where the frequency is maintained 
within its limits (± 1%) irrespective of the changes in the load or the PV 
generation. 
 
Case 2: Low SOC: 
Figure 4.18(a) shows the power output along with the load power for a low SOC 
value equals to the minimum limit which is 40%, but the FLC is not activated 
this time. Initially, there is no power generated by the PV in the first half an hour 
since the solar radiation is almost zero. The battery is completely supplying the 
load. At t=1h, the PV starts generating power and the contribution from the 
battery is reduced. The charging power of the battery exceeds 1000W as can 
be seen in Figure 4.18(a) due to the continuous utilization of PV full power 
which is much higher than the load most of the time. The available PV power 
equals the used PV power (no PV power curtailment). Furthermore, Figure 
4.18(b) shows that the SOC is gradually rising. Figure 4.18(c) shows a constant 
frequency as the FLC is disabled.  
 
Figure 4.19(a) shows the same case, but with FLC activated. Since the SOC 
value is low, the auxiliary unit is commanded to operate to avoid the SOC from 
declining below the minimum limit. The auxiliary unit is floating throughout the 
simulation period where priority is given to full utilization of the PV power and 
then the auxiliary unit is used if required. It is obvious that the maximum 
charging power of the battery is well maintained to the maximum allowable limit 
which is 1000W throughout the full period of the simulation irrespective of the 
change in the generation and the load. Figure 4.19(b) shows the SOC curve 
where SOC is increasing all the time in a higher rate compared to Figure 
4.18(b) since the generation is more than the load due to the full utilization of 
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the PV power most of times and the use of the auxiliary unit whenever required 
to support the battery because the SOC value is still within the range of the 
bottom FLC subsystem (40% to 50%) which is responsible for operating the 
auxiliary unit. This is required because the SOC process is slow and charging 
takes time. Hence, the battery is always in charging mode to avoid the SOC 
from declining below its minimum limit. Figure 4.19(c) shows that the frequency 
is maintained within its limits.  
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Figure 4.18: Output responses for 40% SOC case without FLC: (a) power        
(b) SOC (c) frequency 
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Figure 4.19: Output responses for 40% SOC case with FLC: (a) power            
(b) SOC (c) Frequency 
 
Case 3: Low SOC with high load: 
In this case, the load profile is high which is 4 times of the load considered in 
cases 1 and 2. The idea is to have higher load values for simulation with similar 
trend while the rest remains the same. This helps in having a wider range of the 
load to examine the performance of the FLC. In this scenario, most of the time, 
the available PV power is lower than the load profile which means there is more 
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need for support from the battery and auxiliary unit. No PV power curtailment is 
carried out. Hence, the used PV power equals the available PV power. 
 
Figure 4.20(a) shows the power output along with the load power in the case 
where SOC is 40%, but the FLC is not activated. Initially, there is no power 
generated by the PV since the solar radiation is almost zero. The battery is 
completely supplying the load. After around 30min, the PV starts generating 
power and the contribution from the battery is reduced. The maximum 
discharging power of the battery (i.e. 1000W) is exceeded as can be seen in 
Figure 4.20(a) since the PV generation is lower than the load most of the time 
and the auxiliary unit is not used. Furthermore, Figure 4.20(b) shows that the 
SOC is declining and it reaches values lower than the acceptable minimum limit 
(40%). A constant bus frequency is shown in Figure 4.20(c) since the FLC is not 
activated. 
 
Figure 4.21(a) shows the power output along with the load power for 40% initial 
SOC case and high load. The FLC is activated in this case. After the first half an 
hour, the PV starts generating power. Since the SOC value is low, the auxiliary 
unit starts providing power immediately to avoid possible decline of the SOC 
value below the minimum allowable limit (40%). The auxiliary unit is floating 
throughout the simulation period and providing required power as per the FLC 
command since the available PV power is lower than the load profile most of 
the time and the SOC is low. It is obvious that the maximum 
charging/discharging power of the battery is well preserved within the maximum 
allowable limit (1000W) throughout the full period of the simulation. Figure 
4.21(b) shows the SOC curve where SOC is increasing most of the time since 
overall generation is generally more than the load and the battery is mostly in 
charging mode opposite to the case in Figure 4.20(b) where FLC is disabled. 
Figure 4.21(c) shows that the frequency is maintained within its limits.  
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Figure 4.20: Output responses for 40% SOC case without FLC and high load: 
(a) power (b) SOC (c) frequency 
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Figure 4.21: Output responses for 40% SOC case with FLC and high load:      
(a) power (b) SOC (c) frequency 
 
Case 4: Very low SOC: 
To further assess the performance of the FLC, simulation is carried out with a 
starting value of the SOC equals to only 20%. This value is the SOC value 
before starting the simulation and not a result of the simulation. Hence, there is 
a real need for charging since the starting value is lower than the minimum limit 
of the SOC. Therefore, the auxiliary unit is expected to support the battery since 
the SOC value is very low and the charging process is slow.  The SOC value is 
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within the range of the bottom FLC subsystem (40% to 50%) which is 
responsible for operating the auxiliary unit. However, the FLC is still expected to 
maintain the maximum charging to 1000W irrespective of that lower SOC input 
to the FLC. Figure 4.22(a) shows the power output and as expected the FLC 
maintains the maximum charging limit and the SOC continues to increase 
throughout the full simulation period as can be seen in Figure 4.22(b). At the 
same time, the frequency is maintained within its limit as shown in Figure 
4.22(c).  
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Figure 4.22: Output responses for 20% SOC case with FLC: (a) power            
(b) SOC (c) frequency 
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From the results of the real-time simulation, the FLC uses the full available PV 
power whenever required and curtails it to prevent the battery from over-
charging. In addition, it activates the auxiliary unit to support the battery and to 
protect it from over-discharging. At the same time, the SOC and frequency are 
maintained within its allowable limits. The results show that if the FLC is not 
activated or used, the SOC and charging/discharging power may not be 
maintained within their maximum allowable limits. 
 
4.5 Summary  
Short-term Matlab/Simulink simulations and long-term real-time simulations 
have been conducted for different cases. Results from both simulations have 
been presented to validate the functionality and performance of the proposed 
controller. Both simulations show that the proposed FLC uses the full available 
PV power whenever required and curtails it to prevent the battery from over-
charging only when needed. In addition, it activates the auxiliary unit to support 
the battery and protect it from over-discharging. At the same time, the SOC and 
frequency are maintained within their allowable limits. The FLC has been 
compared with a proportional controller and the results show that the FLC 
performs better than the proportional controller in achieving the required results 
within the given constraints. As a result, a similar comparison in the real-time 
simulation has not been conducted. Real-time simulation has been conducted 
both with and without FLC to demonstrate the effectiveness of the controller. 
The FLC has managed to provide suitable power management of the microgrid 
in full compliance with design limits of SOC and charging/discharging power of 
the battery.  
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CHAPTER 5: EXPERIMENTAL IMPLEMENTATION OF AN  
AC MICROGRID WITH FLC 
 
5.1 Introduction  
This chapter covers the design and implementation of an AC microgrid 
prototype including the DC/AC inverters and DC/DC converters where the 
proposed FLC is verified experimentally. The rated power of the generation 
units are lower than those presented in Chapter 4 due to the limitations of the 
laboratory facilities. 
 
5.2 System Overview 
A single phase microgrid prototype that consists of PV simulator/PV panels, 
lead-acid battery bank, and AC source (as auxiliary unit representing micro gas 
turbine (𝜇GT) with an AC/DC rectifier) has been built at the Solar Laboratory in 
the ESI building at the University of Exeter (Penryn Campus). The schematic 
diagram of the microgrid setup is as shown in Figure 5.1. The microgrid has 
three of 345W X21 Sunpower PV panels that are configurable to be connected 
either in series or parallel. They are installed on the roof of the ESI as shown in 
Figure 5.2 and used when the PV simulator is not used. The programmable PV 
simulator LAB-SMS 31000, shown in Figure 5.3, is rated at 3kW, 0-1000V and 
0-3A. The battery bank, shown in Figure 5.4, consists of 10 units of Victron 
Energy AGM 12-110 type that are connected in series. Each unit is rated at 12V 
and 110AH. An autotransformer (variac) is used to set the voltage of the 𝜇GT 
unit. Two DC/DC converters and three identical DC/AC inverters with low pass 
LCL filters are built. One of the DC/DC converters is configured as a 
unidirectional boost converter with MPPT controller to interface the PV 
panels/PV simulator while the other one is configured as a bidirectional 
converter to interface the battery bank. The DC/AC inverters are used for the 
generation units (i.e. the PV simulator/PV panels, the battery bank and the 
auxiliary unit). The control algorithms of the converters, inverters and the 
supervisory control have been realized by OPAL-RT real-time simulator. 
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Figure 5.1: Schematic diagram of the microgrid prototype setup  
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Figure 5.2: Sunpower X21 solar panels (3 x 345W) 
 
 
 
  
 
Figure 5.3: Programmable PV simulator LAB-SMS 31000 
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120V60V24V12V
 
 
Figure 5.4: Battery bank 
 
The product SEMITEACH from Semikron is used to realize the switching 
elements for the converters and inverters. The SEMITEACH and its schematic 
diagram are shown in Figure 5.5 and Figure 5.6, respectively [112]. Three 
identical SEMITEACH units are used as part of the microgrid. The SEMITEACH 
has three-phase diode-rectifier, Insulated Gate Bipolar Transistor (IGBT) 
modules and 1100μF/800V DC bus equivalent filtering capacitor. The maximum 
allowable AC voltage for the rectifier is 440V. The rectifier is designed for a 
three-phase configuration. However, it is used here for a single-phase 
configuration by leaving one branch of the rectifier disconnected. The IGBTs are 
designed to be forced closed by 15V signal and forced open by –15V between 
the gate and the associated emitter. Each IGBT module represents an inverter 
leg that consists of 2 IGBTs with an anti-parallel diode, connected in series. The 
maximum rated voltage of the SEMITEACH equals 1200V which represents the 
IGBT breakdown voltage. The maximum allowed current is 30A. The 
SEMITEACH is designed for three-phase systems, but it is configured to work 
as a single-phase inverter since only two phases are used. The first two legs of 
the SEMITEACH are configured for the DC/AC inverter and the third leg is for 
the DC/DC converter. Further details about the SEMITEACH can be found in 
reference [112].  
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For each inverter, the control feedback measurements are Vo (AC voltage 
across the filter capacitor), Io (output current), IL (inductor current), Ic (capacitor 
current), and Vdc (DC-link voltage) signals. LEM sensors are used for the 
measurements of voltage and current signals that are fed-back to the 
controller’s Analog/Digital (A/D). One current signal from each inverter can be 
used either the inductor current or the capacitor current. In our case, the 
inductor current is used. The Digital/Analog (D/A) output signals from the OPAL-
RT are the duty cycles for the converters and inverters. These signals are taken 
to PWM generation boxes which generate PWM for the converters and 
inverters. Different circuit breakers are used for connection/disconnection of the 
PV panels and battery bank. Isolation transformers are used to provide power 
supplies to the PV simulator and programmable load. A picture of the practical 
setup is shown in Figure 5.7. 
 
 
0 Earth connection 
1 Fan power supply 
2 Thermal trip 
3 Rectifier input 
4 DC rectifier outputs 
5 DC IGBT inverter inputs 
6 AC IGBT inverter + chopper outputs 
7 PWM input of inverter 
8 PWM input of brake chopper 
9 Error output 
10 15V driver power supply 
11 0V driver power supply 
12 Temperature sensor 
 
Figure 5.5: SEMITEACH from Semikron [112] 
 
 
 
Figure 5.6: Schematic diagram of SEMITEACH [112] 
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Figure 5.7: The microgrid prototype experimental setup 
 
5.3 DC/AC Inverter   
Figure 5.8 shows a schematic diagram of the inverter and its controller. The 
output of the inverter is connected to a low pass LCL filter. The controller 
consists of an inner and outer feedback loops. The inner feedback loop of either 
the inductor current or capacitor current can be used to provide active damping 
of the resonance created by the LCL filter. The outer feedback loop is 
implemented using the capacitor voltage. In addition, a feedforward loop of the 
reference voltage is also used in order to minimize the steady state error  [113]. 
The parameters of the controllers will be shown in Table 5.3 below. 
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Figure 5.8: Block diagram of inverter and its controller 
 
5.4 DC/DC Converter for BESS  
Figure 5.9 shows a schematic diagram of the BESS converter and its controller. 
The controller consists of an inner and outer feedback loops. The inner 
feedback loop of the inductor current is used. The outer feedback loop is 
implemented using the DC voltage.  
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Figure 5.9: Block diagram of BESS converter and its controllers 
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Converters are nonlinear devices and all states of the system are discontinuous 
because of the switching. The linearized model is derived in the vicinity of some 
operating points to aid with the controller design and analyse the stability of the 
controls’ loops for different gains [9]. The linearized averaged state-space 
model for the bidirectional boost BESS DC/DC converter is defined by (5.1) and 
(5.2). The states of the system are the inductor current 𝑖𝐿𝐵 and output voltage 
𝑣𝑑𝑐. The duty cycle 𝐷 and inductor current 𝐼𝐿𝐵 are the steady state operating 
points of the linearized system while 𝑑 is the averaged control input 
representing the small signal variations around the steady state duty cycle 𝐷. 
The output signals of the system are the inductor current and output voltage 
that are used to be fed back to implement the double feedback control system. 
Furthermore, the linearized model is used to calculate the transfer functions 
𝐺𝑖𝐿𝐵−𝑑 and 𝐺𝑣𝑑𝑐−𝑖𝐿𝐵 given in (5.3) and (5.4), respectively as derived in [114], 
[115].  
 
[
𝑖𝐿𝐵
𝑣𝑑𝑐
̇
] =
[
 
 
 0
−(1 − 𝐷)
𝐿𝐵
1 − 𝐷
𝐶𝑑𝑐
−1
𝑅𝐶𝑑𝑐 ]
 
 
 
[
𝑖𝐿𝐵
𝑣𝑑𝑐
] +
[
 
 
 
𝑉𝑑𝑐
𝐿𝐵
−𝐼𝐿𝐵
𝐶𝑑𝑐 ]
 
 
 
𝑑 
 
(5.1) 
 
  
y=[
1 0
0 1
] [
𝑖𝐿𝐵
𝑣𝑑𝑐
] 
(5.2) 
 
  
𝐺𝑖𝐿𝐵−𝑑 =
𝑖𝐿𝐵(𝑠)
𝑑(𝑠)
=
𝑅𝐶𝑑𝑐𝑉𝑑𝑐𝑠 + [(1 − 𝐷)𝑅𝐼𝐿𝐵 + 𝑉𝑑𝑐]
𝑅𝐶𝑑𝑐𝐿𝐵𝑠2 + 𝐿𝐵𝑠 + 𝑅 (1 − 𝐷)2 
 
(5.3) 
 
  
𝐺𝑣𝑑𝑐−𝑖𝐿𝐵 =
𝑣𝑑𝑐  (𝑠)
𝑖𝐿𝐵(𝑠)
=
−𝐼𝐿𝐵𝑅𝐿𝐵𝑠 + 𝑉𝑑𝑐𝑅(1 − 𝐷)
𝑉𝑑𝑐𝑅𝐶𝑑𝑐𝑠 + [𝑉𝑑𝑐 + (1 − 𝐷)𝐼𝐿𝐵𝑅] 
 
(5.4) 
 
 
where 𝐿𝐵, 𝑉𝑑𝑐, 𝐶𝑑𝑐 and 𝑅 are the converter inductor, nominal DC-link voltage, 
DC-link capacitor and equivalent load resistor, respectively.  
 
The parameters and operating points of the BESS bidirectional boost converter 
including their controllers are shown in Table 5.1 and Table 5.3 . 
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Table 5.1: Key system parameters and operating points for BESS bidirectional 
DC/DC converter 
 
Parameter / operating point Symbol Value 
Load resistance 𝑅 440Ω 
DC output capacitor 𝐶𝑑𝑐 1100μF 
Nominal DC-link voltage 𝑉𝑑𝑐 200V 
Steady state duty cycle 𝐷 0.25 
Steady state inductor current 𝐼𝐿𝐵 0.7A 
BESS converter inductor 𝐿𝐵 or 𝐿𝑑𝑐 0.8mH 
 
The control system structure for the battery bidirectional boost converter is as 
shown in Figure 5.10.  
 
+ 
  -
+ 
  -
d 𝑣𝑑𝑐  𝑖𝐿𝐵 
𝐺𝑃𝐼−𝐵1 𝐺𝑃𝐼−𝐵2 𝐺𝑖𝐿𝐵−𝑑  𝐺𝑣𝑑𝑐−𝑖𝐿𝐵  
𝑉𝑑𝑐
∗  
Ẋ = Ax + Bu
y = Cx+   -
+ 
  -
d
𝑣𝑑𝑐  
𝑖𝐿𝐵 𝐺𝑃𝐼−𝐵1 𝐺𝑃𝐼−𝐵2 
𝑉𝑑𝑐
∗  
 
 
Figure 5.10: Control system structure for the bidirectional BESS boost DC/DC 
converter 
 
The current loop and voltage loop PI controllers, have been addressed in the 
literature as in [115], [116], and are given by (5.5) and (5.6) respectively.  
 
𝐺𝑃𝐼−𝐵1(𝑠) = 
0.005𝑠 +  1
𝑠
 
(5.5) 
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𝐺𝑃𝐼−𝐵2(𝑠) = 
1.5𝑠 +  50
𝑠
 
(5.6) 
 
 
The gains’ values of the controllers have been selected in line with the values 
that have been found in the literature. They have been tested for the system 
stability using bode diagram. The open-loop and closed-loop bode diagram for 
the bidirectional boost DC/DC converter is as shown in Figure 5.11 where the 
controller has a gain margin of 46.6 dB and a phase margin of 69.4 deg [116]. 
The bandwidth of the control loop is 1580 rad/s. See Appendix for Matlab 
program for plotting the bode diagram. 
 
 
 
Figure 5.11: Open-loop and closed-loop bode diagram for the bidirectional 
BESS boost DC/DC converter 
 
5.5 DC/DC Converter for PV  
Figure 5.12 shows a schematic diagram of the PV converter and its controller. 
The controller consists of an inner and outer feedback loops. The inner 
feedback loop of the PV’s current is used. The outer feedback loop is 
implemented using the PV’s voltage. The DC/DC converter controls the PV 
output voltage to achieve MPPT. It is important to note that the MPPT has many 
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techniques [83]. However, the fractional open circuit voltage is used because of 
its simplicity. It states that the MPP is approximately at 𝑉𝑝𝑣 = 0.8 𝑉𝑜𝑐.  
 
PWM 
Generation
Current 
Controller
-

Voltage 
Controller
-

PV
MPPT
PVv PVi
PVvPVi
PVv
PVi
*
PVv
𝐿𝑝𝑣  (𝐿𝑑𝑐 )  
dcv
𝐶𝑝𝑣   𝐶𝑑𝑐   
 
 
Figure 5.12: Block diagram of PV’s converter and its controllers 
 
The linearized averaged state-space model for the unidirectional boost PV 
DC/DC converter is defined by (5.7) and (5.8). The PV current 𝑖𝐿𝑝𝑣 and PV 
voltage 𝑣𝑝𝑣 are the states of the system. The duty cycle 𝐷 is the steady state 
operating point of the linearized system while 𝑑 is the averaged control input 
representing the small signal variations around the steady state duty cycle 𝐷. 
The output signals of the system are the PV current and voltage that are used 
to be fed back to implement the double feedback control system. The linearized 
model are used to calculate the transfer functions 𝐺𝑖𝐿𝑝𝑣−𝑑 and 𝐺𝑣𝑝𝑣−𝑖𝐿𝑝𝑣  given in 
(5.9) and (5.10), respectively [18], [114], [115].  
 
[
𝑖𝐿𝑝𝑣
𝑣𝑝𝑣
̇
] =
[
 
 
 
 0
1
𝐿𝑃𝑉
−1
𝐶𝑝𝑣
1
𝑟𝑝𝑣𝐶𝑝𝑣]
 
 
 
 
[
𝑖𝐿𝑝𝑣
𝑣𝑝𝑣
] + [
𝑉𝑑𝑐
𝐿𝑃𝑉
0
] 𝑑 
(5.7) 
 
  
y = [
1 0
0 1
] [
𝑖𝐿𝑝𝑣
𝑣𝑝𝑣
] 
(5.8) 
 
  
𝐺𝑖𝐿𝑝𝑣−𝑑 =
𝑖𝐿𝑝𝑣(𝑠)
𝑑(𝑠)
=
(𝐶𝑝𝑣𝑟𝑝𝑣𝑠 − 1)𝑉𝑑𝑐 
𝐿𝑝𝑣𝐶𝑝𝑣𝑟𝑝𝑣𝑠2 − 𝐿𝑝𝑣𝑠 + 𝑟𝑝𝑣 
 
(5.9) 
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𝐺𝑣𝑝𝑣−𝑖𝐿𝑝𝑣 =
𝑣𝑝𝑣 (𝑠)
𝑖𝐿𝑝𝑣(𝑠)
=
−𝑟𝑝𝑣
𝐶𝑝𝑣𝑟𝑝𝑣𝑠 − 1 
 
(5.10) 
 
 
where 𝐿𝑝𝑣, 𝑉𝑑𝑐, 𝐶𝑝𝑣 and 𝑟𝑝𝑣 are the converter inductor, nominal DC-link voltage, 
PV input capacitor and dynamic resistor of the PV around operating point, 
respectively.  
 
The dynamic output resistance (𝑟𝑝𝑣) of the PV changes over the full range of the 
P-V or I-V curve of the PV [71]. It can be defined as the ratio between the 
change in voltage to the change in current. It can be approximated and 
represented by a straight line in the P-V curve of the PV cell as shown in Figure 
5.13 where the slope of the line equals −𝑟𝑝𝑣. The 𝑟𝑝𝑣 is positive on the left of the 
maximum power point (MPP) and negative on the right of the MPP. 
 
The parameters and operating points of the PV unidirectional DC/DC converter 
including their controllers are listed in Table 5.2 and Table 5.3. 
 
Table 5.2: Key system parameters and operating points for PV unidirectional 
DC/DC converter 
 
Parameter / operating point Symbol Value 
Load resistance 𝑅 440Ω 
DC output capacitor 𝐶𝑑𝑐 1100μF 
Nominal DC-link voltage 𝑉𝑑𝑐 200V 
Steady state duty cycle 𝐷 0.25 
PV converter inductor 𝐿𝑝𝑣 or 𝐿𝑑𝑐 0.8mH 
PV Dynamic resistor 𝑟𝑝𝑣 -6Ω 
PV Input capacitor 𝐶𝑝𝑣 1100μF 
 
The control system structure for the PV unidirectional converter is shown in 
Figure 5.14. 
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Figure 5.13: Approximation of dynamic resistor (𝑟𝑝𝑣) of the PV from P-V curve  
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Figure 5.14: Control system structure for the unidirectional boost PV DC/DC 
converter 
 
The current loop and voltage loop PI controllers, have been addressed in the 
literature as in [115], [116], and are given by (5.11) and (5.12), respectively. 
 
𝐺𝑃𝐼−𝑝𝑣1(𝑠) = 
10𝑠 +  250
𝑠
 
(5.11) 
 
  
𝐺𝑃𝐼−𝑝𝑣2(𝑠) = 
0.05𝑠 +  1
𝑠
 
(5.12) 
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Bode diagram has been used to assess the system stability for the selected 
gains’ values of the controllers that have been selected in line with the values in 
the literature. The open-loop and closed-loop bode diagram for the 
unidirectional boost PV DC/DC converter is as shown in Figure 5.15 where the 
controller has a very high gain margin and a phase margin of 66.6 deg [116]. 
The bandwidth of the control loop is 745 rad/s (See Appendix for Matlab 
program for plotting the bode diagram).  
 
 
 
Figure 5.15: Open-loop and closed-loop bode diagram for the unidirectional 
boost PV DC/DC converter 
 
5.6 PV Power shifter 
If the power generation from the PV is higher than the load, the battery absorbs 
the excess power. However, if the SOC of the BESS is very high, the PV power 
should be curtailed to prevent over-charging the battery. For the latter objective, 
a PV power shifter is implemented. Normally, the MPPT controller regulates the 
voltage across the PV to supply the maximum power. When a curtailment is 
needed, the power shifter shifts the PV voltage to deviate it from the maximum 
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power point to a lower point as illustrated in the PV MPP shifting operation 
shown in Figure 3.8 of Chapter 3 [96], [116].  
 
5.7 Microgrid Controllers Integration 
The proposed control system in Chapter 3 is divided into two levels separated 
by a control bandwidth. The primary level of each generating unit contains the 
voltage and current controllers for the DC/DC converters and DC/AC inverters 
as shown in Figure 5.1. They are designed to have a fast disturbance rejection 
with a high bandwidth control loop to track commanded references’ values. The 
parameters of the system and controllers are shown in Table 5.3 below. The 
secondary level is represented by the FLC which is designed to have a lower 
bandwidth in order to preserve system stability like any other nested control 
loops. The FLC maintains the power management in the microgrid according to 
pre-defined rules. Its output manipulates the voltage/current references values 
of the primary control [116]. The FLC has been realized by OPAL-RT with the 
aid of Matlab/Simulink fuzzy logic block where the FLC rules and membership 
functions as per the design shown in Chapter 3. The FLC is 10 times less than 
the bandwidth of the inner loop. RT-LAB enables Simulink models for real-world 
interaction with hardware-in-the-loop engineering simulators and rapid 
prototyping controllers. The RT-LAB links the Simulink codes to highly-
optimized runtime libraries that allows a model time step as low as 10 
microseconds. More details for interfaces with the OPAL-RT can be found in 
reference [117]. 
 
 
 
 
 
 
 
 
 
 
 
 
139 
 
 
 
Table 5.3: Experimental setup parameters 
 
Inverters parameters PV current controller 
Inverter-side 
filter inductor 
𝐿1  4mH P-controller 
gain 
𝑘𝑝_𝑝𝑣𝑐 0.05 
Filter 
capacitor 
𝐶 25μF I-controller 
gain 
𝑘𝑖_𝑝𝑣𝑐 1 
Grid-side filter 
inductor 
𝐿2 2mH Inverter voltage controller 
Nominal 
output voltage 
𝑉𝑜 120V Voltage 
controller gain 
𝑘𝑣 0.01 
Nominal 
frequency 
𝜔𝑜 = 2𝜋𝑓𝑜 2π(50) =
314.16rad/s 
Current 
controller gain 
𝑘𝑐  3 
DC-link 
capacitor 
𝐶𝑑𝑐 1100μF Virtual 
inductor 
𝐿𝑣 8mH 
Line1 inductor  𝐿𝑙𝑖𝑛𝑒1 1mH Droop controller  
Line2 inductor 𝐿𝐿𝑖𝑛𝑒2 2mH Frequency 
drooping 
coefficient  
𝑚 1 × 10−3 
rad/s/W 
Sampling/ 
Switching 
frequency 
𝑓𝑠, 𝑓𝑠𝑤 10kHz Voltage 
drooping 
coefficient 
𝑛 0.05 
V/Var 
DC/DC Converters  Power measuring filter 
Converter 
inductor 
𝐿𝐷𝐶 0.8mH Cut-off 
frequency 
𝜔𝑐 2rad/s 
Battery 
voltage 
𝑉𝑏𝑎𝑡 125V PV DC voltage regulator 
PV output 
voltage 
𝑉𝑝𝑣 110V P-controller 
gain 
𝑘𝑝−𝑑𝑐 20 
Battery current controller I-controller 
gain 
𝑘𝑖−𝑑𝑐  2 
P-controller 
gain 
𝑘𝑝_𝑏𝑎𝑡𝑐 5 × 10
−3 Nominal DC-
link voltage 
𝑉𝑑𝑐  200V 
I-controller 
gain 
𝑘𝑖_𝑏𝑎𝑡𝑐 1 State of charge limits 
Battery voltage controller Max. SOC 𝑆𝑂𝐶𝑚𝑎𝑥
∗  95% 
P-controller 
gain 
𝑘𝑝_𝑏𝑎𝑡𝑣 1.5 Min. SOC 𝑆𝑂𝐶𝑚𝑖𝑛
∗  40% 
I-controller 
gain 
𝑘𝑖_𝑏𝑎𝑡𝑣 50 Max. charging/ discharging power 
PV voltage controller Max. charging 
power 
 
𝑃𝐶ℎ𝑎𝑟𝑔𝑒_𝑚𝑎𝑥
∗  
 
70W 
P-controller 
gain 
𝑘𝑝_𝑝𝑣𝑣 10 
Max. 
discharging 
power 
PDischarge_max
∗  
 
 
150W I-controller 
gain 
𝑘𝑖_𝑝𝑣𝑣 250 
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5.8 Experimental Results  
Different case scenarios are tested and the results are obtained from the 
internal memory of the OPAL system using Matlab. The below cases show the 
responses of the microgrid to various disturbances in the system. Similar cases 
are shown with the FLC and proportional (P) controller in order to have a 
comparison between the two controllers.   
 
Figure 5.16 shows a snapshot of the oscilloscope. The battery voltage input is 
120V while the DC voltage output of the DC/DC converter for the battery is 
boosted to 150V and then 300V.  
    
 
 
Figure 5.16: DC/DC converter for battery 
 
Figure 5.17 shows a screenshot of the oscilloscope with the outputs’ voltages of 
the three DC/AC inverters after the synchronization of the three power units.   
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input 
DC voltage 
output 
Inductor 
current 
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V 
300
V 
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Figure 5.17: DC/AC inverters outputs 
 
Case 1: 40% to 95% SOC with FLC: 
Figure 5.18 shows the case when a fixed PV power is available over the full 
time of the experiment. The initial SOC value is 40%. Figure 5.18(a) shows the 
experimental output power responses of the PV, battery and auxiliary units 
while the load power is shown in Figure 5.18(b). The PV generation is just 
slightly higher than the load, but the SOC value is low. Hence, the auxiliary unit 
is used to charge the battery at its maximum charging power of 70W. Once the 
SOC becomes around 47.58% at about 165s in Figure 5.18(c), the power from 
the auxiliary unit becomes around zero as per the FLC command since the PV 
can supply the whole load and the SOC level is not critical. This saves the cost 
of running the auxiliary unit while still satisfying the system needs. A battery 
charging current multiplier of 100k to 500k is used to speed up the increase in 
the SOC in order to decrease the time required for the experiment, but this does 
not affect the results’ dynamics in terms of the behaviour or decision of the FLC. 
At around 378s, the load is dropped to zero and the PV power is curtailed to 
keep the charging power within the limit of 70W. When the SOC becomes 
around 91.97%, the PV power starts to curtail even more to maintain the SOC 
below its maximum limit of 95%.  
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Figure 5.18: Experimental output responses for 40% to 95% SOC with FLC 
case: (a) power (b) load (c) SOC (d) Frequency 
 
Thanks to the FLC, the SOC is maintained between the minimum (40%) and 
maximum (95%) allowable limits as can be seen in Figure 5.18(c). The 
frequency response is shown in Figure 5.18(d). As discussed in section 3.3.2, 
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the MPPT controller measures the bus frequency using a Phase Looked Loop 
(PLL) (see Figure 3.4) and the PV output voltage is increased to shift the MPP 
to a lower value when required as illustrated in Figure 3.8. On occasions, the 
PV output voltage signal, used by the PLL, is not a pure sinewave since it has 
some distortions/harmonics. Therefore, the high frequency variations in the 
power and frequency responses represent noise which comes from the 
measurements of the bus frequency. This could be treated by an appropriate 
filter in non-laboratory installations if the auxiliary unit cannot cope with high 
frequency actuations. The high frequency variations do not have any implication 
on the controller’s performance within the microgrid, since the control loops of 
the microgrid are slow in comparison to the noise and such noise probably will 
not appear if units with larger capacities are used. This scenario validates the 
capability of the FLC in keeping the SOC and charging power within their 
desired limits by adjusting the frequency.  
 
Case 2: 40% to 95% SOC with proportional controller: 
In order to compare the performance of the FLC with the P controller, similar 
scenario of case 1 has been carried out, but with the P controller and the results 
are as shown in Figure 5.19. Figure 5.19(a) shows the experimental output 
responses in terms of the power output of the different generation units while 
the load power is shown in Figure 5.19(b). The initial SOC value is 40% and the 
PV generation is slightly higher than the load. Therefore, the auxiliary unit is 
used to charge the battery. At the beginning of the experiment, when the P 
controller is activated as can be seen from Figure 5.19(a), the maximum 
charging limit (70W) is slightly exceeded during transient unlike in the case with 
the FLC in Figure 5.18(a). At around 31s when the SOC becomes about 
41.05%, the auxiliary unit power is reduced in response to the P controller 
decision until it becomes zero at around 42s since the PV can supply the whole 
load although the SOC level is not very high in comparison to the situation at 
the beginning of the experiment. Similar to the case with the FLC, a battery 
charging current multiplier is used to speed up the increase in the value of the 
SOC, which reduces the time required for the experience.  
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Figure 5.19: Experimental output responses for 40% to 95% SOC with   
proportional controller case: (a) power (b) load (c) SOC (d) Frequency 
 
At around 315s, the load is dropped to zero and the PV power is curtailed to 
keep the charging power within the limit which is 70W. The SOC has exceeded 
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the maximum allowable limit (95%) towards the end of the experiment as can 
be seen in Figure 5.19(c) unlike the case with the FLC in Figure 5.18(c) where 
the SOC is limited to the 95% limit. The frequency is maintained within its limits 
as can be seen from Figure 5.19(d), but with more oscillations in comparison 
with the case of the FLC shown in Figure 5.18(d). Although the P controller 
provides similar responses like the FLC, however, it is very clear from this case 
that the FLC is performing better than the P controller in terms of maintaining 
the limits required. 
 
Case 3: 51% SOC with FLC: 
Figure 5.20 shows a discharging scenario for the battery with an initial SOC 
value of 51%. Figure 5.20(a) shows the experimental output power responses 
of the PV, battery and auxiliary units along with the load power in Figure 
5.20(b). The FLC is initially not activated and no load is connected to the 
system. The PV generation is around 30W which is absorbed completely to 
charge the battery. The load is then applied and the battery starts supplying the 
power demand shortage as the PV power is not enough. After t=50s, the FLC is 
activated and the auxiliary unit starts providing power according to the drop in 
bus frequency shown in Figure 5.20(d). At around t=100s when the SOC drops 
to 47.19%, the battery contribution is gradually reduced to about 35W while the 
auxiliary unit contribution is gradually increased. At around t=250s, the SOC 
reaches a critical value of 42.98% and consequently the battery stops 
discharging while the auxiliary unit provides about 150W which is the difference 
between the PV and load powers. This way, the minimum SOC limit is 
preserved. At t=370s, the load is fully disconnected and consequently the power 
output of the auxiliary unit is reduced by the FLC to around 30W only as it is 
enough for the PV power to charge the battery at its maximum limit. At t= 440s, 
the PV power is increased, but it is curtailed to keep the charging limited. In 
addition, the auxiliary unit is stopped by the FLC as the PV power is sufficient. 
At t= 470s, the load is re-connected and the FLC stops the curtailment to utilize 
more PV power for the new load without running the auxiliary unit. The charging 
power is maintained within the maximum limit of 70W. The SOC is maintained 
above the minimum allowable limit of 40% and the frequency is maintained 
within its limits as well.  
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Figure 5.20: Experimental output responses for 51% SOC with FLC case:       
(a) power (b) load (c) SOC (d) Frequency 
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Case 4: 52% SOC with proportional controller: 
Similar to Case 3, Figure 5.21(a) shows the experimental output responses with 
the P controller and an initial SOC value of 52%. The P controller is activated at 
around 65s. At 168s, the load is dropped to zero. The PV power is increased at 
around 184s and the P controller couldn’t carry out the required curtailment of 
the PV power completely. Consequently, the maximum charging limit (70W) is 
exceeded unlike the case with the FLC in Figure 5.20(a). It becomes even 
worse at the end of the experiment when the PV is further increased and the P 
controller couldn’t cope at all with that and the charging power becomes around 
3.4 times the allowable maximum charging limit. Hence, the experiment has 
been stopped. The load profile, SOC curve and frequency curve are as shown 
in Figure 5.21 (b), (c) and (d), respectively. The SOC is maintained above the 
minimum allowable limit (40%) and the frequency is maintained within its limits 
as well with more oscillations in comparison with the case of the FLC in Figure 
5.20(d). Unlike the FLC case, it is very obvious that the P controller in this case 
could not cope with the disturbance in the system and could not be able to 
maintain the maximum battery charging limit.  
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Figure 5.21: Experimental output responses for 52% SOC with P controller 
case: (a) power, (b) load, (c) SOC, (d) Frequency 
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5.9 Summary  
This chapter has covered the design and practical implementation of the 
prototype AC microgrid including the DC/AC inverters and DC/DC converters. It 
presented the design of the different controller loops for the DC/DC converters 
using linearized method. It covered practical realisation of the controller using 
OPAL real-time controller. The proposed FLC / power management strategy 
has been verified experimentally with the laboratory-scale microgrid prototype. 
Experimental results of the developed microgrid have been presented where 
the FLC is compared with a proportional controller. The results show that the 
FLC is far superior in achieving the required goals and the proportional 
controller was not always able to maintain the SOC and charging/discharging 
power within their design limits. 
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CHAPTER 6: MODELLING OF PHOTOVOLTAIC AND 
CONCENTRATED PHOTOVOLTAIC   
 
6.1 Introduction  
Photovoltaic (PV) is characterized by a Current-Voltage (I-V) curve. This 
chapter provides details on the I-V curve and how to obtain important 
parameters from it. PV uses direct and diffused solar radiations to generate 
electrical power. On the other hand, Concentrated PV (CPV) uses only direct 
solar radiation to provide electrical power where a large area of sunlight is 
focused on a solar cell using optics such as lenses. This chapter covers PV and 
CPV modelling including single-diode and two-diode models that are used for 
modelling a PV cell. The chapter shows the impact of changing solar irradiation 
or shading of PV and CPV on the microgrid AC bus frequency. Sample 
simulation results of around 1m2 area of 135Wp PV, and 500 suns 
concentration (500X) CPV modules both with and without shading are shown to 
assess the impact on the frequency. Standard Test Conditions are 1000W/m2 
solar irradiance, 25oC temperature and AM1.5 air mass. 
 
6.2 Modelling of Photovoltaic/Concentrated Photovoltaic   
Modelling is carried out for the following types of PV and CPV cells and 
modules: 
 
a) 13.6cm x 13.6cm PV cell 
b) 1m2 area of 135Wp PV module that consists of 49 of 13.6cm x 13.6cm 
PV cells 
c) 1cm x 1cm CPV cell 
d) 1m2 area of 500 suns concentration (500X) CPV module that consists of 
25 of 1cm x 1cm CPV cells where “X” is the intensity of concentration  
 
Parameters for PV’s cell and module will be shown later in Table 6.1 while 
Table 6.2 will show the parameters used in the CPV’s cell and module.  
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6.2.1 I-V Curve of Solar Photovoltaic 
PV modules produce outputs that are determined mainly by the level of incident 
radiation. For given external conditions, the PV modules are characterized by 
Current-Voltage (I-V) curve as shown in Figure 6.1.  
 
𝐼𝑠𝑐  
𝑉𝑜𝑐  
𝐼𝑚  
𝑉𝑚  
𝑃𝑇  
Maximum Power Point (MPP) 
 
 
Figure 6.1: I-V curve of a solar panel connected to a variable resistive load 
 
Important parameters such as 𝐼𝑠𝑐, 𝑉𝑜𝑐, 𝐼𝑚, 𝑉𝑚, 𝑃𝑚 and 𝐹𝐹 could be determined 
from the I-V curve. Those parameters are normally provided by the PV’s 
manufacturer. They can be defined as follows [118]:  
 
𝑃𝑚 = 𝐼𝑚 𝑉𝑚 (6.1) 
  
𝑃𝑇 = 𝐼𝑠𝑐  𝑉𝑜𝑐 (6.2) 
  
𝐹𝐹 =
𝑃𝑚
𝑃𝑇
=
𝐼𝑚 𝑉𝑚
𝐼𝑠𝑐  𝑉𝑜𝑐
 
(6.3) 
  
𝜂 =
𝑃𝑜𝑢𝑡
𝑃𝑖𝑛
 =
𝑃𝑚
𝑃𝑖𝑛
=
𝐹𝐹 𝐼𝑠𝑐 𝑉𝑜𝑐
𝑃𝑖𝑛
  
(6.4) 
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where 
 
 𝐼𝑠𝑐 is short circuit current. It is defined as the maximum current of a solar 
cell/panel under sunlight at zero voltage when it is connected to a low load 
with output terminals shorted. 
 𝑉𝑜𝑐 is open circuit voltage. It is the maximum voltage of a solar cell/panel 
under sunlight at zero current with no load is connected. 
 𝑃𝑚 is maximum power. It is the actual rated highest power that can be 
generated by the solar cell/panel. It can be obtained by multiplying the 
current at the maximum power (𝐼𝑚) by the voltage at maximum power (𝑉𝑚) 
as shown in (6.1). The power of the PV panel depends on the operating 
point and the Maximum Power Point (MPP) is the point near the knee of the 
I-V curve, which provides the maximum efficiency. 
 𝐹𝐹 is fill factor. It can be defined as the ratio of the actual maximum power 
(𝑃𝑚) and the theoretical non-obtainable maximum power (𝑃𝑇) where 𝑃𝑇 and 
𝐹𝐹 can be calculated by (6.2) and (6.3), respectively. The fill factor provides 
a quick measurement of the quality and performance of a solar cell or panel. 
The closer 𝐹𝐹 is to one, the better quality of the PV cell or panel. A good 
typical value of the 𝐹𝐹 is 0.7 and above. 
 η is efficiency. It is the ratio of the output electrical power (𝑃𝑜𝑢𝑡) to the input 
solar power (𝑃𝑖𝑛) as shown in (6.4) where 𝑃𝑜𝑢𝑡 can be taken as 𝑃𝑚 while 𝑃𝑖𝑛 
can be calculated by multiplying the irradiance of the incident light in W/m2 
by the surface area of the solar cell in m2. 
 
6.2.2 Solar Cell Model  
One of the most commonly used method to model a solar cell is to use the 
single-diode model [119]–[121] which is shown in Figure 6.2. The solar cell, 
which is made of silicon, consists of a current source, a parallel diode, a shunt 
resistor and a series resistor. The current source generates the photocurrent 
when the sunlight hits the solar cell and it is directly proportional to the solar 
radiation while the diode represents the p-n junction of a solar cell. The shunt 
resistor represents the shunt leakage through the p–n junction whereas the 
series resistor represents the ohmic losses. This model can be used to 
calculate PV output power (𝑃𝑝𝑣) as follows: 
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𝐼𝑝𝑣 = 𝐼𝑝ℎ − 𝐼𝑑 − 𝐼𝑠ℎ (6.5) 
  
𝐼𝑝𝑣 = 𝐼𝑝ℎ − 𝐼0(𝑒
𝑞(𝑉𝑝𝑣+𝐼𝑝𝑣𝑅𝑠)
𝑛𝑘𝑇𝑝𝑣 − 1) − (
𝑉𝑝𝑣 + 𝐼𝑝𝑣𝑅𝑠
𝑅𝑠ℎ
) 
(6.6) 
  
𝑃𝑝𝑣 = 𝐼𝑝𝑣 𝑉𝑝𝑣 (6.7) 
 
where 
𝐼𝑝𝑣: PV current (A) 
𝐼𝑝ℎ: photocurrent generated by the current source (A) 
𝐼𝑑: diode current (A) 
𝐼𝑠ℎ: shunt resistance current (A) 
𝐼0: reverse saturation current (A) 
𝑞: electron charge (1.602 x 10-19 C) 
𝑛: ideality factor (between 1 and 2) 
𝑅𝑠: series resistance (Ω) 
𝑅𝑠ℎ: shunt resistance (Ω) 
𝑘: Boltzman constant (1.381 x 10-23 J/°K) 
𝑇𝑝𝑣: cell temperature (°K)  
𝑉𝑝𝑣: PV voltage (V) 
 
𝐼𝑝ℎ  𝐼𝑑  
𝐼𝑝𝑣  
𝐼𝑠ℎ  
𝑅𝑠ℎ  
𝑅𝑠  
𝑉𝑝𝑣  
 
 
Figure 6.2: PV single-diode model 
 
The two-diode model is used sometimes to model PV cells which is similar to 
the single-diode model, but with two parallel diodes instead of a single one, as 
shown in Figure 6.3. The two-diode model provides an improved accuracy in 
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comparison to the single-diode model and it is mainly for polycrystalline silicon 
solar cells [122]. The PV output current can be calculated as follows: 
 
𝐼𝑝𝑣 = 𝐼𝑝ℎ − 𝐼𝑑1 − 𝐼𝑑2 − 𝐼𝑠ℎ (6.8) 
  
𝐼𝑝𝑣 = 𝐼𝑝ℎ − 𝐼01(𝑒
𝑞(𝑉𝑝𝑣+𝐼𝑝𝑣𝑅𝑠)
𝑛1𝑘𝑇𝑝𝑣 − 1) − 𝐼02(𝑒
𝑞(𝑉𝑝𝑣+𝐼𝑝𝑣𝑅𝑠)
𝑛2𝑘𝑇𝑝𝑣 − 1) − (
𝑉𝑝𝑣 + 𝐼𝑝𝑣𝑅𝑠
𝑅𝑠ℎ
) 
(6.9) 
 
where 
𝐼𝑑1: first diode current (A) 
𝐼01: reverse saturation current for first diode (A) 
𝐼𝑑2: second diode current (A) 
𝐼01: reverse saturation current for second diode (A) 
𝑛1: ideality factor for first diode 
𝑛2: ideality factor for second diode 
 
𝐼𝑝ℎ  𝐼𝑑1 
𝐼𝑝𝑣  
𝐼𝑠ℎ  
𝑅𝑠ℎ  
𝑅𝑠  
𝑉𝑝𝑣  
𝐼𝑑2 
 
 
Figure 6.3: PV two-diode model 
 
6.2.3 Modelling of PV’s Cell and Module  
Solar irradiance and PV temperature has a great impact on the performance of 
the PV cell or module. The electrical power of a single solar cell in a flat-plate 
module, without concentrator, 𝑃𝑃𝑉 can be calculated as in (6.10) while the actual 
electrical power (𝑃𝑃𝑉,𝑎) is given by (6.11) [123], [124]. 
 
𝑃𝑃𝑉 = 𝜂𝑃𝑉𝐴𝑃𝑉𝐺𝑇𝑓 (6.10) 
  
𝑃𝑃𝑉,𝑎 = 𝐾𝑡𝑃𝑃𝑉 = 𝐾𝑡(𝜂𝑃𝑉𝐴𝑃𝑉𝐺𝑇𝑓) (6.11) 
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𝐾𝑡 = 1 + 𝑎(𝑇𝑐 − 25) (6.12) 
 
where 
𝜂𝑃𝑉 is PV cell efficiency 
𝐴𝑃𝑉 is area of the PV cell in m
2  
𝐺𝑇 is total/global solar irradiation (direct + diffuse) in W/m
2 
𝑓 is correction coefficient for all factors except temperature 
𝐾𝑡 is correction coefficient factor for temperature given by (6.12) when standard 
or cell reference temperature is 25 oC. 
𝑎 is normalized temperature that depends on the cell type and manufacturer 
𝑇𝑐 is cell temperature in 
oC that is affected by irradiance and ambient 
temperature and can be expressed by  
 
𝑇𝑐 =  𝑇𝑎 + ( 
𝑁𝑂𝐶𝑇 − 20
800
 ) 𝐺𝑇 
   
(6.13) 
where normal operating cell temperature (NOCT) is defined as the cell 
temperature when a PV panel operates under 800W/m2 of solar irradiation and 
20 oC of ambient temperature. NOCT is usually between 42 oC and 46 oC [46]. 
 
The ideal PV module electric power (𝑃𝑃𝑉𝑚𝑜𝑑) is calculated by (6.14) where the 
cells are connected in series and the cell can operate at an efficiency lower than 
the nominal one. Hence, the actual PV module electric power (𝑃𝑃𝑉𝑚𝑜𝑑,𝑎) is given 
by (6.15), taking into account the parasitic current losses generated in the 
module [123], [124]. Table 6.1 shows the parameters used in the flat-plate PV 
module which is shown in Figure 6.4. Equations (6.10) to (6.16) are used for 
developing Matlab model for the PV module as shown in Figure 6.5.  
 
𝑃𝑃𝑉𝑚𝑜𝑑 = 𝑃𝑃𝑉,𝑎𝑁𝑆𝜂𝑃𝑉𝑚𝑜𝑑 (6.14) 
  
𝑃𝑃𝑉𝑚𝑜𝑑,𝑎 = (𝑃𝑃𝑉𝑚𝑜𝑑 − 𝑃𝑃𝑉𝑝𝑎𝑟)𝜂𝑖𝑛𝑣  (6.15) 
  
𝑃𝑃𝑉𝑝𝑎𝑟 = 𝐺𝑃𝑉𝑝𝑎𝑟𝐺𝑇𝐴𝑃𝑉𝑁𝑐 (6.16) 
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where 
𝑁𝑆 is PV cell numbers in series 
𝜂𝑃𝑉𝑚𝑜𝑑 is PV module efficiency 
𝜂𝑖𝑛𝑣 is inverter efficiency 
𝑃𝑃𝑉𝑝𝑎𝑟 is module parasitic current losses given by (6.16) 
𝐺𝑃𝑉𝑝𝑎𝑟 is parasitic losses factor coefficient that depends on radiation 
 
Table 6.1: Parameters in the flat-plate PV module 
 
Parameter  Symbol Value 
PV cell efficiency 𝜂𝑃𝑉 0.17 
Area of the PV cell (15.6cm X 15.6cm)      𝐴𝑃𝑉 243.36 cm
2 
Correction coefficient for all factors except 
temperature 
𝑓 1 
Normalized temperature coefficient   (for 
single-crystalline Si (c-Si) module) 
𝑎 -0.16%/ oC 
Cell/Module temperature 𝑇𝑐 45
oC 
PV cell numbers in series 𝑁𝑆 49 
PV Module efficiency 𝜂𝑃𝑉𝑚𝑜𝑑 0.9 
Inverter efficiency 𝜂𝑖𝑛𝑣 0.9 
Parasitic losses factor coefficient  𝐺𝑃𝑉𝑝𝑎𝑟 0.023 
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Figure 6.4: 1m2 PV module 
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Figure 6.5: Model of PV module 
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6.2.4 Maximum Power Point of the Photovoltaic Cell and Module 
The maximum power point (MPP) provides the maximum efficiency of the PV 
module. Therefore, it is very important to track this point in order to utilize the 
PV power efficiently. There are many different ways for Maximum Power Point 
Tracking (MPPT) of PV power as detailed in [83] where the majority of the 
reported techniques respond to variations in both irradiance and temperature. 
However, some of them are more suitable when the temperature is almost 
constant. Description of the different types of MPPT is not covered as part of 
the scope of this thesis. The MPP is normally working around 70% to 82% of 
the open circuit voltage. Hence, when the voltage regulation is applied, the MPP 
tracker can decide quickly on the initial point according to that percentage within 
a known tracking range [18]. This is an adequate and very cheap solution for 
tracking without any complications in executions. Therefore, fractional open 
circuit voltage (𝑉𝑜𝑐 = 80% in this thesis), as one type of the available MPPT, is 
used in the PV MPP shifting operation (refer to Figure 3.8 of Chapter 3) for 
MPPT. However, other types of MPPT can be used if required.     
 
6.2.5 Modelling of CPV’s Cells and Module 
Concentrated Photovoltaic (CPV) technology generates electricity by utilizing 
optics, such as lenses or mirrors, in order to concentrate a large amount of 
sunlight onto a small area of solar photovoltaic materials (concentrated solar 
cell). CPV uses tracker to track the sunlight and sometimes a cooling system to 
further increase its efficiency. Using less PV materials reduces the cost of the 
materials and overall product’s cost. At the same time, the amount of generated 
power is increased. However, CPV technology suffers from the non-uniformity 
of the incident flux, which tends to create hot spots as well as current mismatch 
[125]. This has a negative impact on the overall efficiency. The CPV is classified 
based on their concentration ability which is related to the term called geometric 
concentration ratio (𝐶𝑔). This term is given by (6.17) and defined as the ratio of 
the area of entry aperture of the optical element of the concentrator (𝐴𝑎) to the 
area of the exit aperture representing the active area of the solar cell (𝐴𝑏).  
 
𝐶𝑔 =
𝐴𝑎
𝐴𝑏
 
(6.17) 
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Furthermore, the intensity of concentration or “suns” is another means for 
measuring concentration which is denoted by the letter “X” and defined as the 
ratio of the average light intensity on a particular solar cell in W/m2 to the 
standard radiation (1000W/m2) [118].  
 
The electrical power of a single solar cell in a system that uses concentrator 𝑃𝐶 
can be calculated as in (6.18) while the actual electrical power (𝑃𝐶,𝑎) is given by 
(6.19) [123], [124].  
 
𝑃𝐶 = 𝜂𝐶𝜂𝑜𝑝𝑡𝐴𝐶𝐶𝐺𝑑𝑓𝐶 (6.18) 
  
𝑃𝐶,𝑎 = 𝐾𝑡𝑐𝑃𝐶 = 𝐾𝑡𝑐(𝜂𝐶𝜂𝑜𝑝𝑡𝐴𝐶𝐶𝐺𝑑𝑓𝐶) (6.19) 
  
𝐾𝑡𝑐 = 1 + 𝑎𝐶(𝑇𝐶(𝑐𝑜𝑛𝑐. ) − 25) (6.20) 
 
where 
𝜂𝐶 is CPV cell efficiency 
𝜂𝑜𝑝𝑡 is optical efficiency 
𝐴𝐶 is area of the CPV cell in m
2  
𝐶 is concentration value in suns 
𝐺𝑑 is direct solar irradiation in W/m
2 
𝑓𝑐 is non-ideal tracking correction factor determined mainly by optical loss 
𝐾𝑡𝑐 is correction coefficient factor for temperature in concentrated module given 
by (6.20) when standard temperature is 25 oC. 
𝑎𝐶 is normalized temperature in concentrated module that depends on the cell 
type and manufacturer 
𝑇𝐶(𝑐𝑜𝑛𝑐. ) is cell temperature for concentrated module in 
oC  
 
The ideal module electric power (𝑃𝑚𝑜𝑑) can be calculated as shown in (6.21) 
while the actual module electric power (𝑃𝑚𝑜𝑑,𝑎) is given by (6.22), taking into 
account losses [123], [124]. Table 6.2 shows the parameters used in the 
concentrated PV module which is shown in Figure 6.6. Figure 6.7 shows a 
Matlab model for the CPV module.  
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𝑃𝑚𝑜𝑑 = 𝑃𝐶,𝑎𝑁𝑆𝐶𝜂𝑚𝑜𝑑 (6.21) 
  
𝑃𝑚𝑜𝑑,𝑎 = (𝑃𝑚𝑜𝑑 − 𝑃𝑝𝑎𝑟)𝜂𝑖𝑛𝑣 (6.22) 
  
𝑃𝑝𝑎𝑟 = 𝐺𝑝𝑎𝑟𝐺𝑑𝐴𝐶𝐶𝑁𝑆𝐶 (6.23) 
 
where 
𝑁𝑆𝐶 is CPV cell numbers in series 
𝜂𝑚𝑜𝑑 is CPV module efficiency 
𝜂𝑖𝑛𝑣 is inverter efficiency 
𝑃𝑝𝑎𝑟 is module parasitic current losses given by (6.23) 
𝐺𝑝𝑎𝑟 is parasitic losses factor coefficient that depends on radiation 
 
Table 6.2: Parameters in the concentrated PV (CPV) module 
 
Parameter  Symbol Value 
CPV cell efficiency 𝜂𝐶 0.38 
Optical efficiency (parabolic concentrator) 𝜂𝑜𝑝𝑡 0.85  
Area of the CPV cell (1cm X 1cm) 𝐴𝐶 1 cm
2 
Concentration value     𝐶 500:1 (500X) 
non-ideal tracking system correction factor 𝑓𝐶 0.9 
Normalized temperature coefficient  𝑎𝐶 -0.4%/
 oC 
Cell/Module temperature 𝑇𝑐(𝑐𝑜𝑛𝑐. ) 70
oC  
CPV cell numbers in series 𝑁𝑆𝐶 25 
CPV module efficiency 𝜂𝑚𝑜𝑑 0.9 
Inverter efficiency 𝜂𝑖𝑛𝑣 0.9 
Parasitic losses factor coefficient  𝐺𝑝𝑎𝑟 0.023 
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Figure 6.6: 1m2 CPV module 
 
 
 
 
163 
 
 
 
 
+
-
𝑇𝑐(𝑐𝑜𝑛𝑐. ) 
25 
X
+
+
1 
X
X
𝜂𝐶  
𝐴𝐶  
𝐺𝑑  
𝐶 
𝐾𝑡𝑐  
𝑃𝐶  
𝑃𝐶 ,𝑎  
CPV cell electrical 
power
Actual CPV cell 
electrical power
X
𝑁𝑆𝐶  
𝜂𝑚𝑜𝑑  𝑃𝑚𝑜𝑑  
CPV module 
electrical power
+
-
X
𝐺𝑑  
𝐺𝑝𝑎𝑟  
𝑁𝑆𝐶  
𝑃𝑝𝑎𝑟  
CPV module 
losses
X𝜂𝑖𝑛𝑣  
Actual CPV module 
electrical power
𝑃𝑚𝑜𝑑 ,𝑎  
𝑎𝐶  
𝑓𝑐  
𝜂𝑜𝑝𝑡  
𝐴𝐶  
𝐶 
 
 
Figure 6.7: Model of CPV module 
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6.2.6 Impact of Shading on Frequency 
The developed PV and CPV models in Figure 6.5 and Figure 6.7, respectively 
are connected to a simplified AC microgrid model, which consists of a PV/CPV, 
battery, auxiliary unit and load connected to a common AC bus. The whole idea 
is to check and compare the impact of shading or changing irradiation on the 
frequency for around 1m2 area of 135Wp PV (Figure 6.4) and 500X CPV 
(Figure 6.6) where the supervisory control is carried out by a Fuzzy Logic 
Controller (FLC). The simplified model of the microgrid that is developed in 
Chapter 4 along with the FLC designed in Chapter 3 are shown in Figure 6.8. 
They are used together for checking the impact of shading on the frequency by 
having either a PV or CPV as a technology for solar energy. The change in 
frequency ∆ω is a combination of a positive shifting ∆ω+ to curtail PV or CPV 
power when required and a negative shifting ∆ω− for providing power by the 
auxiliary unit whenever needed. Refer to Chapter 3 and Chapter 4 for further 
details on the design of FLC and simplified model if needed. Several 
simulations have been carried out for the PV and CPV to check the impact of a 
sudden change of solar irradiation on the frequency. Some sample results for 
48% initial State of Charge (SOC) cases for the PV and CPV both with and 
without shading are shown as follows. The parameters in Table 6.1 and Table 
6.2 are used for the flat-plate PV module and the concentrated PV module, 
respectively.    Table 6.3 shows the parameters of the simplified model of the 
AC microgrid.  
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   Table 6.3: Parameters in simplified model of AC microgrid along with FLC 
 
Parameter Symbol Value 
Maximum state of charge 𝑆𝑂𝐶𝑚𝑎𝑥
∗  95% 
Minimum state of charge 𝑆𝑂𝐶𝑚𝑖𝑛
∗  40% 
Minimum state of charge plus 10% 𝑆𝑂𝐶𝑚𝑖𝑛+10%
∗  50% 
Maximum charging power 𝑃𝐶ℎ𝑎𝑟𝑔𝑒_𝑚𝑎𝑥
∗  1000W 
Maximum discharging power 𝑃𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒_𝑚𝑎𝑥
∗  1000W 
Nominal bus frequency 𝜔𝑜 = 2𝜋𝑓𝑜 2𝜋(50)=314.16rad/s 
Maximum positive frequency 
deviation 
∆𝜔𝑚𝑎𝑥+ 0.5Hz 
Maximum negative frequency 
deviation 
∆𝜔𝑚𝑎𝑥− -0.5Hz 
Battery capacity 𝐶𝑏𝑎𝑡 100AH 
Battery voltage 𝑉𝑏𝑎𝑡 120V 
Active power droop coefficient for 
auxiliary unit 
𝑚𝑎𝑢𝑥 0.75e-4 rad/s/W 
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Figure 6.8: Simplified model of AC microgrid along with FLC 
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Case 1: Simulation results when PV is working without shading: 
Figure 6.9 shows that PV generation starts at t=5h and stops at t=20h due to 
the change in global solar irradiation shown in Figure 6.9(a) which has a 
maximum value of around 1340W/m2. Figure 6.9(b) shows power from 
individual PV cell, module power and module losses that all follow the shape of 
irradiation. The maximum power of individual PV cell is around 5W while the 
maximum actual electrical power from the PV module is around 180W. The 
peak losses from the whole module are around 36W. Frequency is shown in 
Figure 6.9(c) while both frequency deviations are shown in Figure 6.9(d). The 
two deviations’ values are added together which ultimately decide on the 
frequency deviation from the nominal frequency. The negative deviation in this 
case prevails and the frequency is lowered by the negative deviation amount as 
can be easily noticed from the shape of the frequency after t=5h.  
 
 
 
Figure 6.9: PV without shading-Part1: (a) global irradiation (b) PV power         
(c) frequency (d) frequency deviation 
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the load’s demand that cannot be provided by the PV as shown in Figure 
6.10(c). The battery is always in discharging mode since the PV generation is 
lower than the load. For the periods from t=0 to t=5h, there is no PV generation 
since the solar irradiation is equal to zero and the whole power for supplying the 
load is coming from the battery. After that, the PV generates power until t=20h 
where the solar irradiation goes back to zero and the battery provides the whole 
power again. The battery power shape takes the opposite shape of the PV 
power, so any increase in the PV power has a decrease in the battery power. 
The auxiliary power (Paux) is very little power, which starts from t=5h to the end 
of simulation with a maximum production of around 0.3W only as shown in 
Figure 6.10(d) while SOC is declining from the 48% initial value as shown in 
Figure 6.10(e). The contribution from the auxiliary unit could be more if a higher 
capacity of the PV module is used. 
 
 
 
Figure 6.10: PV without shading-Part2: (a) PV power (b) load (c) battery power                
(d) auxiliary power (e) SOC 
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Case 2: Simulation results when PV is working with shading: 
Shading occurs between t=9h to t=13h in this case and solar irradiation is 
shown in Figure 6.11(a). The irradiation drops from around 1225W/m2 at t=9h to 
around 240W/m2 at t=10h (representing diffuse irradiation) and continues with 
this value up to t=12h before the irradiation starts rising and reaching the 
normal value without shading which is 1320W/m2 at t=13h. Hence, the PV 
power drops during the shading period. Power from individual PV cell, module 
power and module losses are all follow the shape of the irradiation including the 
shading as shown in Figure 6.11(b) where the PV generation outside the 
shading period is the same as the case in Figure 6.9(b) with similar maximum 
values of generation and losses. Frequency and frequency deviations are 
shown in Figure 6.11(c) and (d), respectively with very minor increase in the 
negative deviation in comparison to the case in Figure 6.9(d).  
 
 
 
Figure 6.11: PV with shading-Part1: (a) global irradiation (b) PV power            
(c) frequency (d) frequency deviation 
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Figure 6.12(a) drops from around 164W at t=9h to around 35W between t=10h 
and t=12h before the irradiation starts rising and the PV power reaches the 
normal value without shading which is 178W at t=13h in line with the changes in 
irradiation as a result of shading during this period. The same 200W fixed load 
is used as shown in Figure 6.12(b). The battery is in discharging mode as 
shown in Figure 6.12(c) and provides required power with a maximum power of 
200W when there is no PV generation. The auxiliary unit provides very little 
power from t=5h onwards as shown in Figure 6.12(d). Similar to the case in 
Figure 6.10(e), the SOC is declining as shown in Figure 6.12(e).  
 
 
 
Figure 6.12: PV with shading-Part2: (a) PV power (b) load (c) battery power    
(d) auxiliary power (e) SOC 
 
Case 3: Simulation results when CPV is working without shading: 
Direct solar irradiation is shown in Figure 6.13(a) with a maximum value of 
around 1118W/m2 where CPV generates power from t=5h until t=20h. The rest 
of the duration has zero CPV generation. Figure 6.13(b) shows power from 
individual CPV cell, module power and module losses where all of them are 
following the same shape of the irradiation. The maximum power of individual 
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CPV cell is around 13W while the maximum actual electrical power from the 
CPV module is around 240W with peak module losses of around 32W. 
Frequency is shown in Figure 6.13(c) whereas frequency deviations are shown 
in Figure 6.13(d). Unlike the case with the PV shown in Figure 6.9, the positive 
deviation in this case prevails and the frequency is increased by the positive 
deviation amount. This can be easily noticed from the shape of the frequency 
after t=9h which follows the shape of the positive deviation.    
 
 
 
Figure 6.13: CPV without shading-Part1: (a) direct irradiation (b) CPV power                     
(c) frequency (d) frequency deviation 
 
Figure 6.14(a) shows the CPV power (Pcpv) with a fixed load of 200W as shown 
in Figure 6.14(b). The battery provides the required power (Pbat) to meet the 
load’s demand that cannot be met by the CPV as shown in Figure 6.14(c). The 
whole power is initially coming from the battery until t=5h where the CPV starts 
producing power. The battery is in discharging mode until around t=8h where 
the CPV provides almost the full power required by the load and the battery 
changes slowly to the charging mode. The maximum charging power for the 
battery reaches around 40W. At about t=16h, the contribution from the battery 
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starts rising because the CPV power starts declining due to reduction in the 
irradiation. The CPV generates power until t=20h where the solar irradiation 
goes back to zero and the battery provides the whole power again. The auxiliary 
power (Paux) is almost zero with two discrete power supplies of around 0.26W 
as shown in Figure 6.14(d). The SOC is declining as shown in Figure 6.14(e).  
 
 
 
Figure 6.14: CPV without shading-Part2: (a) CPV power (b) load (c) battery 
power (d) auxiliary power (e) SOC 
 
Case 4: Simulation results when CPV is working with shading: 
Figure 6.15(a) shows direct solar irradiation where the shading takes place 
between t=9h and t=13h, but this time the irradiation goes to zero from t=10h to 
t=12h unlike the case of Figure 6.11(a) because CPV uses only direct 
irradiation without diffused irradiation. Figure 6.15(b) shows power from 
individual CPV cell, module power and module losses that are similar in shape 
to the irradiation. Frequency and frequency deviations are shown in Figure 6.15 
(c) and (d) respectively. The positive deviation in this case has more influence 
on the frequency. Therefore, the frequency mainly takes the shape of the 
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positive frequency shape unlike the case with PV shading where the frequency 
is changed based on the negative deviation as shown in Figure 6.11(c).  
   
 
 
Figure 6.15: CPV with shading-Part1: (a) direct irradiation (b) CPV power        
(c) frequency (d) frequency deviation 
 
Figure 6.16 shows similar responses as in Figure 6.14 apart from the shading 
interval between t=9h to t=13h. Figure 6.16(a) shows the CPV power which 
drops from around 220W at t=9h to zero between t=10h and t=12h before the 
CPV power reaches the normal value without shading which is around 240W at 
t=13h in line with the changes in irradiation. The load of 200W is shown in 
Figure 6.16(b). The battery power is shown in Figure 6.16(c) where the 
maximum charging power for the battery reaches around 20W which is half of 
the amount for the case in Figure 6.14(c). The auxiliary power has almost zero 
contribution with three discrete power supplies of around 0.26W as shown in 
Figure 6.16(d) in comparison to two in the case of Figure 6.14(d) due to less 
overall power supply from the CPV as a result of the shading. The SOC is 
declining as shown in Figure 6.16(e). 
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Figure 6.16: CPV with shading-Part2: (a) CPV power (b) load (c) battery power                
(d) auxiliary power (e) SOC 
 
Further to the individual details provided earlier for each case, Figure 6.17 
shows the output responses for PV and CPV in terms of power, frequency and 
frequency deviations from the cases 2 and 4 above. This is done to aid the 
comparison in a simple method. Figure 6.17(a) shows the responses for PV 
while Figure 6.17(b) shows the responses for CPV. As can be seen from Figure 
6.17(a), the PV power drops to around 35W between t=10h and t=12h while the 
CPV power drops to zero in the same period because PV can generate power 
even with diffused irradiation unlike the CPV which works only with direct 
irradiation. The frequency is influenced and changed based on the negative 
deviation for the case of the PV as shown in Figure 6.17(a). Unlike the PV case, 
the positive deviation has more influence on the frequency in the CPV case as 
shown in Figure 6.17(b). Therefore, the frequency mainly takes the shape of the 
positive frequency deviation.  
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(a)
(b)
 
 
Figure 6.17: Output responses with shading: (a) PV (b) CPV  
 
6.3 Summary  
This chapter has provided details on a PV and a CPV modelling including 
single-diode and two-diode models that are used for modelling a PV cell. It also 
provided details on I-V curve and how to obtain important parameters from it. 
The chapter showed the impact of changing solar irradiation or shading of a PV 
and a CPV on the microgrid AC bus frequency. Sample simulation results of 
1m2 area of 135Wp PV, and 500X CPV modules both with and without shading 
have been shown for assessing the impact on the frequency. It is found that the 
shading of CPV has a more noticeable effect on the bus frequency in 
comparison to the PV. 
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CHAPTER 7: CONCLUSIONS & FUTURE WORK 
This final chapter of the thesis presents the conclusions of the study and 
suggests future work that can be carried out as a continuation from this work. 
 
7.1 Conclusions 
The thesis examined the development of a supervisory controller for the power 
management of a stand-alone AC microgrid. The power management system 
has been developed for the stand-alone AC microgrid consisting of a PV based 
RES, BESS, auxiliary unit and a load connected in a common AC bus. The 
thesis presented a wireless supervisory controller to limit the charging and 
discharging power of the BESS and the state of charge from exceeding their 
maximum limits and control the operation of the auxiliary unit. The conclusions 
of the thesis can be summarized as follows: 
 
 The main research works reported in the literature with regard to optimal 
sizing design, power electronics topologies and control including the 
supervisory control of both grid-connected and stand-alone microgrids 
have been reviewed. Different control techniques used for power 
managements of both standalone and grid-connected microgrids have 
been reviewed. This review should provide insights to aid the 
improvement of supervisory control of the microgrids including a fuzzy 
logic controller. The literature revealed that the supervisory control and 
power management for conventional energy sources along with RES 
including controllers based on Fuzzy Logic are not fully resolved yet and 
research into obtaining optimal operational modes continues to increase 
as concluded in Chapter 2. Therefore, more research work is required on 
the supervisory control and energy management of hybrid RES along 
with non-conventional type of control. 
 The effect of intermittency and varying load on the operation of the 
battery has been studied.  
 Analysis has been carried out to study the different possible control 
strategies for controlling two-stage converters. It clarified the method that 
a specific power unit is required to operate and identified the droop 
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control strategies for the different power units. The local controllers for 
the RES, BESS and auxiliary units have been designed where the BESS 
is forming the AC bus of the AC microgrid. The concept of a floating 
auxiliary unit on the common bus has been developed to provide power 
automatically whenever required as a result of the reduction in the bus 
frequency below its nominal value.  
 A fuzzy logic supervisory controller has been designed to protect the 
battery and prevent its SOC and charging/discharging power from 
exceeding their maximum limits regardless of the variation in the load 
and RES intermittent power. The controller was implemented within the 
battery unit that varies the bus frequency of the AC microgrid according 
to the battery unit power and state of charge. The supervisory controller 
was designed to decide whether to curtail the power generated by the PV 
or to supplement power from the auxiliary unit. If the frequency is 
increased above the nominal value, the PV unit curtails its power. On the 
other hand, if the frequency is decreased, the auxiliary unit generates 
power. The amount of deviation of the frequency determines the amount 
of power to be curtailed or supplied by the auxiliary unit. The FLC deals 
with the management of the real power only. The reactive power is not 
covered under this thesis. Furthermore, the economics of the power units 
have not been considered in the thesis. These can form additional inputs 
to the FLC. 
 A Matlab/Simulink AC microgrid model has been developed to assess the 
performance of the FLC. The microgrid was composed of a PV based 
RES, BESS, auxiliary unit and a load connected in a common AC bus. 
The model was based on ideal voltage and current sources and it 
included all the required control loops. With its limited capacity and 
power rating, the BESS maintained the bus voltage and frequency in the 
AC stand-alone microgrid. The BESS balanced the difference between 
the intermittent RES power and that consumed by load. By varying the 
AC bus frequency and making use of the local droop controllers, the 
power management controller was implemented wirelessly to increase 
the reliability of the system as shown in Chapter 3. Furthermore, no 
dump load was used. The simulation showed that the battery’s SOC and 
charging/discharging power were maintained within their allowable limits.  
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 A simplified microgrid model, which considers only droop control level 
and battery model, has been developed to speed up the simulation time 
in order to assess the performance of the FLC especially over long 
periods of time. Non-real-time and real-time simulations for different 
cases were presented in Chapter 4 using the simplified model. The real-
time simulation was used to speed up the simulation time. Results from 
both simulations validated the functionality and performance of the 
proposed controller. Both simulations showed that the proposed FLC 
uses the full available PV power whenever required and curtails it, only 
when needed, to prevent the battery from over-charging. In addition, it 
activates the auxiliary unit to support the battery and protect it from over-
discharging. The FLC was compared with a proportional controller and 
the results showed that the FLC performs better than the proportional 
controller in achieving the required results within the given constraints. 
The FLC managed to provide a suitable power management of the 
microgrid in full compliance with the design limits of the SOC and 
charging/discharging power of the battery irrespective of changes in 
generation from the RES or changes in the load. 
 The effectiveness of the proposed controller has been evaluated using 
real solar radiation data and different load profiles.  
 A laboratory scale AC microgrid, consisting of a PV based RES, BESS, 
auxiliary unit, and load, has been built and the supervisory controller has 
been implemented experimentally as shown in Chapter 5. The rated 
power of the generation units were lower than those presented in 
Chapter 4 due to the limitations of the laboratory facilities. The design 
and practical implementation of the prototype AC microgrid including the 
DC/AC inverters and DC/DC converters have been carried out along with 
the design of the different controller loops for the DC/DC converters 
using linearized method. Practical realisation of the controller using 
OPAL real-time controller has been conducted. The proposed FLC / 
power management strategy was verified experimentally. The FLC was 
compared with a proportional controller. The results showed that the FLC 
was far superior in achieving the required goals within the given 
constraints as the proportional controller was not always able to maintain 
the SOC and charging/discharging power within their design limits. 
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 The effect of a sudden shading of a PV and CPV on the AC bus 
frequency was studied in Chapter 6. Sample simulation results of 1m2 
area of 135Wp PV, and 500X CPV modules both with and without 
shading were shown for assessing the impact on the frequency. It is 
found that the shading of the CPV has a more noticeable effect on the 
bus frequency. 
  
7.2 Future Work 
Further to the outcomes of this thesis, the following promising aspects could be 
investigated in the future as an extension to the work: 
 
 Modelling of other intermittent renewable energy sources such as wind 
power could be included to understand the concurrent effect of the power 
distribution to the microgrid. This might be achieved by developing a 
droop control equation for the wind power and then modifying the FLC 
rules to include the wind power in the first input of each FLC subsystem. 
The expectation is that there would be less usage of the battery and the 
auxiliary units since there would be extra power coming from the wind 
power system and it might be at the time when there is a shortage in the 
PV power, which would be a clear advantage. 
 Further experimental investigation could be carried out in a combination 
of wind, PV, CPV, and CSP powers supplied to the microgrid and its 
stability, reliability and the effect on the load could be tested. An auxiliary 
unit could be included as well as a back-up source. Small scale units of a 
wind turbine, CPV, and CSP could be purchased and installed as part of 
the microgrid. Control systems including the droop control equations and 
FLC rules need to be modified to include the new units. The additional 
units would provide more power from the RES to the microgrid which 
could support bigger loads and add extra reliability and stability to the 
overall microgrid power system. There would be less usage of the battery 
and the auxiliary units since there would be extra power coming from the 
new units. 
 Design a supervisory controller wirelessly using the DC bus voltage for a 
DC microgrid similar to the bus frequency for the AC microgrid. 
Therefore, changes on the DC bus voltage could either trigger the 
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curtailment of the RES power or supplement of power by the auxiliary 
unit. Hence, the DC bus voltage would be used as a communication 
means instead of the AC bus frequency in the AC microgrid. A similar 
method of the power management that has been used in the AC 
microgrid could be adopted for the DC microgrid. This would provide 
equivalent outcomes to those achieved in the AC microgrid. 
 Include the reactive power as part of the power management system 
probably by creating another FLC which would be responsible for the 
management of the reactive power and adding some capacitor banks 
that would support the voltage whenever required. This would enhance 
the reactive power requirements. The DC bus voltage could be used as a 
trigger or communication means for supplying the reactive power or not. 
The outcome of this work would provide a management system for the 
reactive power. 
 Add an estimated operating cost for each power unit to the power 
management system which could be another input to the FLC. This could 
be used as one of the deciding factors for running a particular unit at a 
particular time and for giving the unit a priority in comparison to the other 
ones. This provides an economic element to the decision of the FLC.   
 Microgrid with multiple PV and/or battery units could be studied instead 
of only single PV unit and single battery unit that are considered in this 
thesis. In addition, other energy generator devices such as a fuel cell 
could also be investigated to identify its stability on the microgrid 
environment. The effect of different storage technologies in respect to 
their sudden changes of SOC could be fully investigated. Furthermore, 
the effect of alternative energy storage mechanism such as thermal 
energy storage or liquid air could be explored for a better understanding 
of its effect to the microgrid. This would provide more options in terms of 
selection of the energy storage system. 
 Use different capacities of generation, for example from 1kW up to 10kW 
to 100kW or even MW level generation system that could supply much 
higher loads than the one considered in this thesis. The installation of 
very high RES capacities is not easy to achieve for research purposes 
due to the limitation in the site and funding. Hence, limiting this scope to 
simulation is more feasible compared to actual installations.  However, 
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simulation’s result could support the feasibility and encourage investors 
to build a microgrid with high RES capacities and control them using 
FLC.  This would provide a wider scope to assess the FLC capabilities in 
managing the microgrid.   
 Use one of the optimization methods such as Artificial Neural Network 
(ANN) or Genetic Algorithm (GA) or even Particle Swarm Optimization 
(PSO) to further optimize the membership functions of the fuzzy logic 
controller. This might provide a great benefit by using the advantage of 
another intelligent optimization method along with the FLC. It could 
improve the decision making process of the FLC.  
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Appendix A: Detailed Matlab/Simulink files  
Appendix B: Copies of published papers 
Appendix C: Bode plot program for DC/DC Converter 
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Appendix A: Detailed Matlab/Simulink files 
 
 
 
Figure A.1: Matlab/Simulink model of the microgrid 
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Figure A.2: Matlab/Simulink model for PV unit  
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Figure A.3: Matlab/Simulink model for battery unit  
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Figure A.4: Matlab/Simulink model for auxiliary unit  
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Figure A.5: Matlab/Simulink model for PV unit droop control  
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Figure A.6: Matlab/Simulink model for battery unit droop control  
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Figure A.7: Matlab/Simulink model for auxiliary unit droop control  
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Figure A.8: Matlab/Simulink for power calculation block for power units  
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Appendix B: Copies of published papers 
 
 
 
 
 
 
 
192 
 
 
193 
 
 
194 
 
 
195 
 
 
196 
 
 
197 
 
 
198 
 
 
199 
 
 
200 
 
 
201 
 
 
202 
 
 
203 
 
 
204 
 
 
 
205 
 
 
206 
 
 
207 
 
 
208 
 
 
209 
 
 
210 
 
 
211 
 
 
212 
 
 
213 
 
 
214 
 
 
215 
 
 
216 
 
 
 
217 
 
 
218 
 
 
219 
 
 
220 
 
 
221 
 
 
222 
 
 
223 
 
 
224 
 
 
225 
 
 
226 
 
 
227 
 
 
228 
 
 
229 
 
 
230 
 
 
231 
 
 
 
 
232 
 
Appendix C: Bode plot program for DC/DC Converter 
 
Bode plot program for DC/DC Converter for BESS (See section 5.4) 
Gpib2=tf([1.5 50],[1 0]) 
Gpib1=tf([5e-3 1],[1 0]) 
  
R=440 
C=1100e-6 
Vdc=200 
D=0.25 
Ilb=0.7 
Lb=0.8e-3 
Gidb=tf([R*C*Vdc ((1-D)*R*Ilb+Vdc)],[R*C*Lb Lb R*(1-D)^2]) 
A=Gpib1*Gidb 
B=feedback(A,1) 
  
Gvib=tf([-Ilb*R*Lb (Vdc*R*(1-D))],[Vdc*R*C Vdc+(1-D)*Ilb*R]) 
C1=B*Gpib2*Gvib 
margin(C1) 
hold 
bode(feedback(C1,1)) 
 
Bode plot program for DC/DC Converter for PV (See section 5.5) 
Gpipvi=tf([0.05 1],[1 0]) 
Gpipvv=-1*tf([10 250],[1 0]) 
  
rpv=-6 
Cpv=1100e-6 
Vdc=380 
Lpv=0.8e-3 
Gidpv=tf([Cpv*rpv*Vdc -Vdc],[Lpv*Cpv*rpv -Lpv rpv]) 
A=Gpipvi*Gidpv 
%fi=tf(1,[5e-5 1]) 
B=feedback(A,1) 
  
Gvipv=tf(-rpv,[Cpv*rpv -1]) 
C1=B*Gpipvv*Gvipv 
%fv=tf(1,[1e-4 1]) 
margin(C1) 
hold 
bode(feedback(C1,1)) 
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